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FOREWORD 

This  report  was  produced  in  accordance  with  contract  AF33(657)-15504,  Pro¬ 
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Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the  re¬ 
port's  findings  or  conclusions.  It  is  published  only  for  the  exchange  and  stim¬ 
ulation  of  ideas. 
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UNCLASSIFIED  ABSTRACT 

(U)  Materials  research  and  development  was  performed  under  Contract  AF33 
(65?)- 15504  on  diffusion  bonding  of  titanium,  machining  of  small-diameter  holes, 
determination  of  the  abrasive  properties  of  materials  in  a  simulated  jet-engine 
environment,  and  determination  of  the  properties  of  selected  materials  in  a 
high-temperature  corrosive  and  erosive  environment.  Satisfactory  diffusion 
bonds  were  formed  in  hollow  tit  : !  -m  specimens  at  a  temperature  of  lBOO'T 
under  isostatic  pressure  of  10,000  psx  using  machined  steel  mandrels  to  su  pport 
the  walls  of  the  cavities  within  the  specimens.  Although  satisfactory  results 
were  obtained  using  steci  mandrels,  the  difficulty  of  accurately  machining 
mandrels  to  fill  cavities  with  complicated  shapes  makes  this  technique  impractical 
for  production  processes.  Five-mil  diameter  holes,  which  were  subsequently 
coated  to  reduce  the  diameter  to  three  mils,  were  successfully  drilled  into  80- 
mil  thick  alloys  by  the  ECID  (electrochemical  impingement  drilling)  and  the 
EDM  (electrochemical  discharge  machining)  processes.  Lo.v-cycle  fatigue 
testing  of  specimens  with  arrays  of  three-mil  diameter  holes  indicated  the 
superiority  of  directionally  solidified  U-700  alloy  over  other  forms  of  the  same 
alloy  and  over  Mar-M-500  alloy.  None  of  the  materials  evaluated  for  abrasion 
properties  demonstrated  satisfactory  abradability  concurrently  with  a  cajxibility 
for  withstanding  the  jet-engine  environment,  nor  did  any  of  the  materials  evaluated 
for  use  in  a  high-temperature  corrosive  and  erosive  environment  meet  the  pro¬ 
gram  requirements.  Best  results  were  obtained  with  chrome-aluminide-coated 
TD  nickel,  but  cracks  were  observed  in  the  specimen  after  only  l(>  hours  of 
testing,  and  oxidation  followed  the  cracks. 
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SECTION  I 
INTRODUCTION 

(U)  Materials  research  and  development  work  was  performed  in  four  areas 
with  funding  provided  by  Contract  AF33(657)- 15504.  The  first  of  these  involved 
an  investigation  of  techniques  for  diffusion  bonding  hollow  titanium  specimens 
with  internal  supporting  webs.  The  second  task  involved  evaluation  of  techniques 
for  machining  small-diameter  holes  and  determination  of  the  effects  of  the  holes 
on  the  properties  of  the  material.  The  third  task  consisted  of  determination  of 
the  abrasion  properties  of  a  number  of  nonmetallic  and  metallic  materials  in  a 
simulated  jet-engine  environment,  and  the  fourth  task  was  an  evaluation  of  the 
properties  of  coated  and  uncoated  materials  in  a  high -temperature  corrosive 
and  erosive  environment.  The  results  of  the  work  expended  in  each  of  these 
areas  with  contract  funding  is  discussed  in  the  following  sections. 
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SECTION  II 
DIFFUSION  BONDING 


A.  INTRODUCTION 

(U)  Diffusion  bonding  is  of  interest  for  joining  surfaces  which  are  not  accessible 
after  a  part  has  been  assembled,  A  typical  example  would  be  a  hollow  structure 
with  internal  supporting  webs  which  might  be  fabricated  in  two  halves  and  then 
bonded  together.  In  such  a  structure,  the  interface  of  the  web  sections  are  com¬ 
pletely  inaccessible  and  cannot  be  bonded  by  more  conventional  bonding  techniques 
such  as  welding.  A  diffusion  bond  can  be  achieved,  however,  by  heating  both 
halves  of  the  part  to  a  temperature  below  the  melting  point  of  the  material  used 
and  pressing  the  halves  together  for  a  sufficient  time  period  to  allow  diffusion  of 
the  material  across  the  interface.  For  bonding  to  be  achieved,  the  surfaces  to 
be  bonded  must  be  brought  into  intimate  contact,  which  requires  that  the  mating 
surfaces  be  accurately  machined  and  that  sufficient  pressure  be  used  to  ensure 
that  contact  is  obtained  over  the  entire  interface.  The  pressure  used  generally 
will  be  high  enough  to  cause  the  material  to  yield,  and,  therefore,  in  a  hollow 
webbed  structure,  some  type  of  support  is  required  to  prevent  the  hollow  sections 
between  the  webs  from  collapsing. 

B.  DISCUSSION  OF  BONDING  EFFORT 

(U)  Diffusion  bonding  techniques  were  studied  by  bonding  a  number  of  titanium 
specimens  of  the  form  shown  in  Figure  1.  As  shown,  the  hollow  sections  of 
these  specimens  were  supported  by  an  internal  mandrel. 


(U)  The  selection  of  materials  for  use  as  mandrels  was  based  on  several  con¬ 
siderations.  The  mandrel  material  must  be  compatible  with  titanium  and  it  must 
be  capable  of  providing  the  required  support.  It  also  must  be  capable  of  being 
formed  relatively  precisely  to  the  cavity  dimensions,  and  it  must  be  readily 
removable  from  the  cavity  following  bonding. 

(U)  The  mandrel  materials  initially  considered  were  molybdenum,  Armco  iron, 
and  Armco  iron  coated  with  aluminum  oxide  or  graphtie.  All  of  these  materials 
produced  a  reaction  zone  in  the  titanium  alloy  which  was  unacceptably  brittle. 
Subsequently,  medium-carbon  steel  was  tested,  and  it  was  found  that  the  carbon 
in  this  material  reacts  with  the  titanium  to  form  a  titanium-carbide  layer  which 
acts  as  a  reaction  barrier,  as  shown  in  Figure  2.  Steels  with  carbon  contents 
between  0.  24  and  0.  47  percent  were  found  to  produce  the  desired  barriers  to 
prevent  diffusion  of  the  mandrel  material  into  the  titanium. 
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Figure  1  Sketch  ol  Diffusion-Bonded  Specimen 
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Figure  2  Photomicrograph  ol  Interlace  Between  Ti-tiAl— IV 
Alloy  and  1  OUT*  Steel  in  Hollow  Diffusion-Bond 
Specimen 
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(U)  Initially,  machined  steel  strips  used  for  mandrels  were  found  to  be  satis¬ 
factory  for  parts  with  hollow  cavities  which  have  a  relatively  simple  shape. 

The  mandrel  must  fit  the  cavity  precisely,  however,  and,  therefore,  machined 
mandrels  do  not  appear  to  be  feasible  for  supporting  cavities  which  complex 
shapes,  since  the  time  required  to  produce  complicated,  accurately  machined 
mandrels  would  be  excessive  for  producing  parts  on  a  production  basis.  Con¬ 
sequently,  several  alternate  methods  of  producing  mandrels  were  attempted. 
These  included  electroplating,  plasma  spraying,  and  filling  the  cavity  with 
small-diameter  steel  balls.  None  of  these  techniques  were  satisfactory. 
Electroplating  resulted  in  severe  corrosion  at  the  interface  of  the  mandrel 
material  and  the  titanium,  and  the  plasma-sprayed  material  failed  to  fill  the 
corners  of  the  cavities.  The  small-diameter  steel  balls  did  not  provide  ade¬ 
quate  support,  and  the  walls  over  the  cavities  collapsed  during  bonding.  Methods 
of  supporting  the  cavity  walls  without  mandrels  have  been  developed  under  other 
programs,  and  these  methods  appear  to  be  more  practical  than  th.  'se  using 
mandrels  when  parts  with  complex  internal  cavities  r  ost  be  bonded.  These 
methods  are  proprietary  and  are  not  disc  ssed  in  this  volume. 


(U)  Whenever  mandrels  are  used,  a  method  must  be  available  for  removing  the 
mandrels  after  the  blade  halves  are  diffusion  bonded  together.  The  only  practical 
method  available  for  removing  steel  mandrels  from  the  complex  blade  cavities 
is  leaching  with  an  acid  solution.  During  this  program,  a  50-percent  solution  of 
nitric  acid  was  found  to  be  a  satisfactory  ieaching  agent.  The  process  was  slow, 
and,  when  the  specimens  were  simply  immersed  in  the  leaching  solution,  periods 
of  several  weeks  were  sometimes  required  to  completely  remove  the  mandrel 
material.  A  pumped  stream  of  leaching  solution  wouid  be  considerably  faster, 
but  would  also  be  more  complicated.  The  simple  immersion  process  was  con¬ 
sidered  to  be  adequate  for  the  purposes  of  this  program,  and  no  effort  was  spent 
on  developing  a  faster  technique. 

(U)  All  bonding  was  performed  with  a  pressure  of  10,000  psi  and  a  temperature 
of  1800° F.  which  is  the  maximum  temperature  below  that  at  which  the  beta 
transformation  occurs.  These  conditions  were  maintained  for  three  hours  to 
permit  some  creep  of  the  titanium  to  occur.  Experience  has  shown  that  titanium 
can  be  bonded  successfully  at  atmospheric  pressure  and  a  temperature  of  1500° F 
in  a  very  short  time  if  the  surfaces  to  be  bonded  are  initially  in  intimate  contact. 
The  higher  pressures  and  temperatures  were  used,  however,  because  of  the 
difficulty  in  machining  two  perfectly  mated  surfaces.  The  bonding  parameters 
used  were  selected  to  permit  bonding  of  surfaces  with  gaps  up  to  u.  005  inch. 

(U)  A  total  of  eleven  specimens  were  bonded  w  ith  mandrels  at  Battel  le  Memorial 
Iistitute.  A  typical  bonded  joint  is  shown  in  Figure  3.  Four  of  the  specimens 
were  peel  tested,  and  all  of  these  failed  in  the  parent  metal  away  from  the  joint 
(see  Figures  -1  and  5).  Metal lographic  examination  revealeu  that  good  bonding 
was  achieved  in  all  areas.  However,  some  deformation  occurred  at  the  edges  of 
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Figure  :: 


Typical  Titanium  .Joint  Ditlusion  Ponded  at 
10,  000  p-i  and  1*00  F  tor  Three  Hours 
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Figure  5  Photomicrograph  of  Diffusion- Bonded  Section 

of  Peel-Tested  AMS  4911  Specimen  EM- 181 6-1 


the  specimen  cavities  where  the  mandrel  d'd  not  precisely  conform  to  the  contour 
of  the  cavity. 

C.  CONCL  USIONS  AND  RECOMMENDATIONS 

(U)  Diffusion  bonding  was  shown  to  be  a  feasible  method  of  joining  titaniun 
specimens.  For  parts  with  cavities  with  simple  shapes,  volid,  machined  man¬ 
drels  are  satisfactory.  However,  better  results,  both  tecnnieally  and  economic¬ 
ally,  can  be  obtained  by  using  a  proprietary  process  which  does  not  require  man¬ 
drels  to  support  the  cavity  walls. 
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SECTION  III 

TECHNIQUES  FOR  DRILLING  SMALL-DIAMETER  HOLES 

A.  INTRODUCTION 

(U)  A  program  involving  fabrication  trials  and  mechanical  testing  was  conducted 
to  determine  the  best  technique  for  producing  closely  spaced  arrp”8  of  small- 
diameter  holes.  Hole-diameters  of  approximately  three  mils  were  desired. 

(U)  The  initial  phase  of  the  program  was  devoted  to  selecting  the  more  promising 
methods  L>r  producing  holes,  and  the  second  phase  of  the  program  involved  pre¬ 
paration  and  testing  of  axial  push-pull  and  strip-bend  i.tw -cycle  fatigue  specimens. 
The  specimens  were  prepared  with  100  hoics  in  each  specimen  arranged  in  a 
rectangular  array  with  a  center-to-center  spacing  of  50  mils. 

B.  INITIAL  EVALUATION  OF  HOLE-DRILLING  TECHNIQUES 
1.  Preliminary  Selection 

(U)  Several  methods  of  drilling  small-diameter  holes  were  selected  for  evalua¬ 
tion.  The  laser  process  was  considered  to  be  promising  because  of  its  speed 
and  because  one  vendor  reportedly  had  drilled  a  one-mil  diameter  hole  through 
•10-mil  thick  tungsten  carbide.  The  process  needed  development,  however, 
because  the  metal  which  melted  during  the  drilling  process  resolidified  on  the 
hole  surface,  leaving  a  recast  layer  which  had  a  tendency  to  crack.  The  KCID 
rocess  (electrochemical  impingement  drilling)  had  been  under  study  at  Pratt  & 

\  hitney  Aircraft  prior  to  this  program  and  was  considered  to  be  quite  prom¬ 
ising  for  this  application.  The  EDM  process  (electrodischarge  machining) 
was  initially  rejected  because  it  was  believed  that  suitable  three-mil  diameter 
holes  could  not  be  obtained.  I  .ate  r ,  however,  the  required  hole  size  diameter 
was  increased  to  live  mils,  and  the  EDM  process  was  evaluated.  The  increase 
in  diameter  was  permissible  because  it  was  found  that  a  three-mil  diameter  hole 
could  be  made  by  proper  coating  of  a  five-mil  diameter  hole.  The  HUM  process 
was  not  studied  because  it  is  not  possible  to  construct  a  satisfactory  nozzle  for 
producing  a  three-mi1  diameter  hole,  since  in  this  process  the  nozzle  must  pass 
through  th<  hole. 

-  Laser  Development 

(U)  Holes  are  produced  by  a  laser  beam  as  a  result  ct  the  melting  and  vaporiza¬ 
tion  of  the  material  struck  by  the  beam.  Since  the  beam  can  be  concentrated  into 
a  Very  small  area,  holes  on  the  order  of  one  mil  in  diameter  can  be  produced. 
However,  some  f  the  mc'tl  melted  by  'he  r  '  es  to  form  a  remelt 
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or  recast  layer.  Since  the  properties  of  the  recast  layer  differ  from  these  of 
the  remainder  of  the  material,  cracks  frequently  develop  m  the  recast  layer 
as  a  result  of  thermal  cycling.  Consequently,  development  was  required  to 
reduce  the  thickness  of  the  recast  layer  to  an  acceptable  level. 

(U)  Three  laser  vendors  were  requested  to  develop  drilling  techniques  to 
eliminate  or  minimize  the  recast  layer  on  a  best-effort  basis.  Each  was  given 
samples  of  80-mil  thick  cast  Udimet-700  and  requested  to  submit  what  they 
considered  to  be  their  best  results  at  the  end  of  a  specified  time  period.  The 
vendor  achieving  the  greatest  progress  would  then  be  given  an  opportunity  to 
continue  development  on  all  candidate  materials. 

(U)  Table  I  shows  the  range  of  variables  studied  and  the  optimum  values  deter¬ 
mined  by  one  vendor.  The  geometry  is  shown  in  Figure  6.  However,  even  with 
the  optimum  geometry,  satisfactory  holes  could  not  be  produced.  Since  no 
significant  improvement  was  achieved,  the  development  of  laser  hole-drilling 
techniques  was  discontinued. 

(U)  TABLE  I 

RESULTS  OF  LASER  DRILLING  OPTIMIZATION  STUDY 


Variable 

Range 

Optimum 

Value 

Ruby  Rod  Diameter,  in. 

0.25  to  0.375 

0.25 

Ruby  Rod  Length,  in. 

6.  625 

6.  625 

Aperture  Opening,  d,  mm 

1 ,  5  to  7 

1.5 

Fecal  Length  of  Lens,  F,  mm 

12  to  26 

16 

Depth  of  Focal  Point  into  Work  Piece, 
t,  mils 

0  to  80 

60 

Energy  per  Pulse,  joules 

5  to  25 

10* 

Duration  of  Pulse,  milliseconds 

0. 4  to  3 

0.4 

*  Energy  at  surface  of  work  piece  equalled  0.  6  joules. 


Figure  6 
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Schematic  Diagram  of  Laser  Hole-Drilling  Equipment 
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3  ECU)  Development 

(U)  The  ECU)  (electrochemical  impingement  drilling)  process  is  a  special  ap¬ 
plication  of  the  electrochemical  machining  process.  In  the  ECM  process,  the 
cathode  tube  carrying  the  electrolyte  moves  through  the  work  piece,  and,  there¬ 
fore,  the  smallest  hole  that  can  be  produced  is  limited  by  the  outside  diameter 
of  the  cathode  tube.  In  the  ECID  process,  this  limitation  is  eliminated  by  re¬ 
leasing  the  electrolyte  through  a  jet  across  a  gap  of  0.  020  to  0. 100  inch.  The 
jet  is  produced  by  pumping  the  electrolyte  into  the  nozzle  at  high  pressure.  A 
direct-current  power  supply  is  placed  across  the  electrolyte  and  the  work  piece, 
which  deplates  material  from  the  work  piece.  A  schematic  diagram  of  the 
equipment  used  for  the  process  is  shown  in  Figure  7.  Figure  8  shows  the 
appearance  of  the  equipment  at  the  start  of  the  program,  and  Figure  9  shows 
the  appearance  of  the  equipment  after  modifications  were  made  to  permit  three- 
dimensional  positioning  of  the  nozzle.  A  closeup  view  of  a  typical  specimen 
being  drilled  is  shown  in  Figure  10. 


Figure  7  Schematic  Diagram  of  ECID  Hole-Drilling  Equipment 

NOFORN 


PAGE  NO,  9 


UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


NOFORN 


1  ! 


UNCLASSIFIED 


UNCLASSIFIED 


STREAM  WITH  POWER  OFF 


Fi^ire  Id  Closeup  View  <>t  Push-Pull  Low-Cycle  Fatigue  Specimen  Being 
Drilled  by  Ki 'll )  Process 
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(U)  In  the  early  stages  of  the  development  of  this  process,  dril'ing  trials  were 
continually  hampered  by  plugging  of  the  nozzle.  The  nozzles  a!  the  time  had 
inside  diameters  between  0.  5  and  2.  5  mils  which  could  be  easily  plugged  by 
small  particles  from  the  air.  The  problem  was  solved  by  moving  the  nozzle 
drawing  equipment  into  a  clean  room  and  keeping  the  resulting  nozzles  in  plastic 
tubes  except  when  actually  being  used  for  drilling.  As  an  added  precaution,  a 
two-micron  polyvinyl  filter  was  added  upstream  of  the  nozzle  to  filter  out  any 
particles  which  passed  through  the  main  filter  in  the  ECIP  apparatus. 

(U)  Considerable  effort  was  expended  to  determine  the  optimum  ECID  operating 
parameters  for  obtaining  the  best  hole  surface  finish  and  the  shortest  drilling 
time.  Significant  variables  included  nozzle  design,  no: zle-to-work  piece  gap, 
work  piece  material,  electrolyte  type  and  flow  rate,  voltage,  and  dwell  time. 
Dwell  time  is  the  length  of  time  that  the  drilling  operation  is  continued  after  the 
electrolyte  stream  breaks  through  the  material.  Satisfactory  values  were  de¬ 
termined  for  each  of  these  variables.  Investigations  are  continuing  under  another 
program  to  improve  the  ECID  process  further. 

(U)  To  ensure  that  a  particular  hole  s  ze  could  be  produced  consistently,  a 
method  for  producing  a  consistent  nozzle  shape  and  size  had  to  be  developed. 

The  basic  process  developed  involved  pulling  heated  Pyrex  tubing  which  initially 
had  a  1/4-inch  outside  diameter  and  a  1/32- inch  inside  diameter,  lhe  process 
was  standardized  by  using  the e quipment  shown  in  Figure  11.  In  this  device,  the 


f  igure  11  ECU)  Nozzle  Forming  Fixture  XP-7:U(>2 
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glass  tubing  is  heated  by  a  Nichrome  heating  coil  ar.d  then  pulled  by  a  weight. 

The  power  to  the  heating  coil  and  the  size  of  the  weight  can  be  varied  to  produce 
the  desired  results.  The  distance  through  which  the  tube  was  pulled  was  con¬ 
trolled  by  the  length  of  time  that  power  was  supplied  to  the  heating  coil  after 
the  tubing  started  to  yield.  The  heating  coils  had  to  be  replaced  periodically, 
and  it  was  found  that  variations  in  the  resistance  of  the  coils  significantly 
affected  the  results.  Considerable  care  was  required  to  ensure  that  consistent 
coils  were  used.  Following  drawing,  the  tubing  was  cut  in  the  reduced  section 
to  form  the  nozzle.  A  clean  cut  was  required,  since  any  clipping  at  the  nozzle 
tip  permitted  the  electrolyte  stream  to  disperse  over  too  large  an  area.  The 
flow  characteristics  and  the  diameter  of  the  nozzles  were  checked  in  the  apparatus 
shown  in  Figure  12.  At  the  end  of  the  program,  approximately  65  percent  of 
the  nozzles  produced  were  usable.  Typical  nozzles  are  shown  in  Figure  13. 

(U)  These  nozzles  suffered  from  two  deficiencies.  First,  after  several  hun¬ 
dred  holes  had  been  drilled  with  a  particular  nozzle,  erosion  caused  the  nozzle's 
inside  diameter  to  become  enlarged,  resulting  in  larger  diameter  holes.  The 
hole  size  increased  by  approximately  0.  5  mil  for  every  100  holes  drilled  with 
a  particular  nozzle.  Second,  the  relatively  large  outside  diameter  of  the 
nozzles  limited  the  minimum  possible  spacing  between  holes  during  multiple 
drilling  operations.  Consequently,  techniques  for  fabricating  nozzles  from 
quartz  tubing  with  an  outside  diameter  of  80  mils  are  being  developed  under 
another  program.  When  successful,  the  developed  techniques  are  expected  to 
produce  nozzles  with  significantly  better  resistance  to  erosion  and  with  an  out¬ 
side  diameter  that  will  permit  closer  hole  spacing  during  multiple  drilling 
operations. 

(U)  The  actual  design  of  the  nozzle  was  determined  by  trial  and  error.  The 
inside  diameter  required  to  produce  a  three-mil  diameter  hole  was  determined 
to  be  between  0.  5  and  1.  0  mil.  The  length  of  the  nozzle  tip  was  determined 
experimentally  on  the  basis  of  its  effect  on  electrical  and  flow  resistance. 

For  a  given  voltage  and  pressure,  the  current  and  the  electrolyte  flow  rate 
decrease  as  the  tip  length  is  increased,  thereby  increasing  drilling  time.  How¬ 
ever,  the  effects  of  the  tip  length  and  shape  on  the  discharge  stream  diameter 
have  not  been  determined  precisely. 

(U)  The  effect  of  the  gap  between  the  nozzle  and  the  work  piece  was  studied, 
and  it  was  found  that  best  results  were  obtained  w  ith  a  gap  of  approximately 
60  mils.  Increasing  the  gap  increases  the  electrical  resistance  of  the  electro¬ 
lyte  stream,  whereas  decreasing  the  gap  permits  the  return  spray  of  electro¬ 
lyte  from  the  work  piece  to  interfere  w  ith  the  impinging  stream,  thus  causing 
enlargement  of  the  hole  being  orilled. 
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Figure  13  Typical  ECID  Nozzles  Drawn  From  1/4-Inch  Outside 
Diameter  Pyrex  Tubing 


(U)  Drilling  rate  is  a  function  of  several  parameters,  including  the  type  of 
material  being  drilled,  the  type  of  electrolyte  used,  the  electrolyte  flow  rate, 
and  the  voltage  across  the  electrolyte  and  the  work  piece.  Material  is  removed 
from  the  work  piece  by  electrolytic  and,  jx>ssibly,  chemical  action,  and, 
therefore,  the  drilling  time  will  be  proportional  to  the  valence  of  the  work  piece 
material.  Since  the  valences  of  the  base  metals  in  the  allots  drilled  during  the 
program  were  equal,  the  drilling  times  should  be  approximately  equal  in  the 
absence  '  f  chemical  reactions.  Testing  verified  this  theory  for  Mar-M-509 
and  Udimet-700  alloys.  For  other  alloys,  however,  it  is  possible  for  complex 
reactions  to  occur  which  can  vary  both  the  drilling  time  and  the  surface  finish, 
so  actual  drilling  time  must  be  determined  experimentally  for  each  material. 
During  this  program,  80-mil  thick  specimens  were  drilled  in  approximately 
1.  5  minutes. 

(1)  The  type  of  electrolyte  used  affects  the  drilling  time  in  two  ways.  First, 
it  must  produce  th  desired  electrolytic  reaction  w  ith  the  work  piece  material 
w  ithout  detrimentally  reacting  w  ith  the  material  chemically.  Secondly,  it  must 
have  a  high  conductivity  to  provide  a  high  current.  Hydrochloric  acid  was  found 
to  meet  Izolh  of  these  requirements  for  the  materials  drilled  during  this  program. 

(F)  The  electrolyte  flow  rate  affects  the  drilling  time  since  increased  flow  re¬ 
moves  the  products  of  electrolysis  and  chemical  reaction  more  quickly,  j**r- 
mitting  fresh  electrolyte  to  reach  the  work  piece  more  rapidly. 
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(U)  Another  parameter  affecting  drilling  rate  is  the  voltage  across  the  nozzle 
and  the  work  piece.  Increasing  the  voltage  increases  the  electrolytic  current 
and,  therefore,  the  rate  at  which  the  electrolytic  reaction  occurs.  The  maxi¬ 
mum  voltage  which  can  be  used  is  limited,  however,  because  at  excessively 
high  voltages  arcing  occurs  between  the  nozzle  and  the  work  piece.  The  arcing 
probably  occurs  because  of  vaporization  of  the  electrolyte  as  a  r-s.ilt  of  the  heat 
generated  by  the  passage  of  current  through  the  stream.  Tf  this  is  the  case, 
higher  voltages,  and,  therefore,  higher  currents,  could  be  used  by  increasing 
the  electrolyte  flow  rate,  which  would  keep  the  electrolyte  temperature  below  the 
critical  vaporization  point.  A  voltage  just  under  the  arcing  voltage  w  as  used 
for  all  drilling  operations  during  this  program. 

(U)  The  final  parameter  considered  was  dwell  time.  Dwell  time  is  the  length 
of  time  that  the  drilling  operation  is  continued  after  the  electrolyte  stream 
breaks  through  the  material.  If  drilling  is  stopped  immediately  after  the  electro¬ 
lyte  breaks  through  the  work  piece,  a  lip  with  sharp  corners  w  ill  remain  at  the 
exit  side  of  the  hole,  and  the  diameter  in  this  region  will  be  substantially 
smaller  than  that  of  the  remainder  of  the  hole,  as  shown  in  Figure  14.  Con- 


Mag:  limX 

Figure  14  FtTD  Hole  After  Initial  Kleetrolyte  Penetration 
Showing  l  ip  at  Bottom  of  Hole. (A)  Arrow 
(11)  Shows  Direction  of  Cutting  Aetion 
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tinuing  the  operation  several  seconds  longer  removes  the  lip  and  rounds  the 
corners  at  the  exit  of  the  hole.  A  dwell  time  of  seven  seconds  was  found  to 
produce  best  results  during  this  program.  The  time  that  the  electrolyte  breaks 
through  the  work  piece  is  clearly  indicated  by  a  sharp  drop  in  current. 

(I  )  Once  the  nozzle  design  requirements  and  operating  parameters  were  de¬ 
termined,  it  remained  to  determine  to  what  extent  tiic  hole  size  was  repeatable 
from  one  hole  to  the  next  and  from  one  nozzle  to  the  next  nozzle.  A  large 
number  of  holes  were  drilled  with  ten  different  nozzles,  and  the  holes  were 
examined.  For  any  single  nozzle,  the  hole  size  was  rejieatable  to  within  1 
mil,  discounting  the  effects  of  nozzle  tip  erosion,  which  constituted  a  progressive 
increase  in  hoic  diameter  at  the  rate  of  <>.  5  mil  per  Kin  holes.  Between  nozzles, 
the  hole  size  was  repeatable  to  within 0.5  mil  for  !x>th  and  5- mil  diameter 

holes. 

I.  Coating  t  rials 

(l  )  In  an  effort  to  achieve  maximum  corrosion  and  erosion  resistance,  attempts 
were  made  to  apply  coatings  to  the  inner  sur  faces  of  the  holes  to  determine  if 
such  a  process  ve re  feasible.  Sjieei mens  with  four-,  six-,  and  ten-mil  dianu  tor 
holes  produced  by  the  FCIK  process  were  delivered  n>  three  vendors  for  coating. 
The  process  used  by  one  of  the  vendors  produced  a  uniform  coating  through  all 
of  the  holes  with  a  thickness  equal  to  that  of  the  coating  on  the  external  surface. 
Approximately  one  half  of  the  coating  inside  the  holes  diffused  into  the  base 
material,  thereby  decreasing  the  hole  dian  cter  by  an  amount  approximately 
equal  t<>  the  coating  thickness.  A  typical  coated  specimen  is  shown  in  Figure  I... 


Figure  I.. 
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Since  it  was  found  to  be  possible  to  apply  a  two-  to  three-mil  thick  coating  to 
the  inside  of  the  holes,  it  was  possible  to  relax  the  hole  drilling  requirements 
from  a  three-mil  diameter  hole  to  holes  with  diameters  between  five  and  six 
mils.  The  coating  would  then  reduce  the  *ole  diameters  to  two  to  four  mils, 
thereby  meeting  the  original  requirement. 

5 .  EDM  Development 

(U)  Following  relaxation  of  the  hole  diameter  requirement,  holes  were  drilled 
by  the  EDM  process  using  equipment  specifically  designed  for  small-diameter 
hole  drilling.  The  vendor  who  performed  the  work  claimed  that  by  using  specially 
designed  equipment,  drilling  times  would  be  shorter  and  the  recast  layer  would 
be  thinner  than  that  obtained  using  the  universal  type  of  EDM  equipment.  The 
vendor  produced  five-mil  dianeter  holes  in  80-mii  thick  specimens  including 
Udimct-700  and  Mar-M-509  ailoys  in  less  than  one  minute.  More  conventional 
EDM  equipment  would  require  over  an  hour  to  produce  equivalent  holes. 

Further,  the  recast  layer  was  essentially  nonexistent.  The  equipment  used  is 
shown  in  Figure  lb,  and  typical  holes  are  shown  in  Figure  17. 

t> .  Multiple-Hole  Drilling 

(t  )  Any  process  considered  for  producing  small-diameter  holes  must  !>e  capable 
of  produeing  several  holes  simultaneously  if  the  process  is  to  have  practical 
value.  Multiple-hole  drilling  trials,  therefore,  were  conducted  with  the  EC  ID 
process  under  another  program.  For  these  trials,  nozzles  were  drawn  from  80- 
mit  tubing  so  that  a  spacing  of  200  mils  between  adjacent  nozzles  eould  In*  achieved. 
A  total  of  230  holes  were  drilled  in  33-mil  thick  material  in  groups  of  10  re¬ 
quiring  23  minutes  total  time.  Hole  spacing  in  actual  parts  may  need  to  l>e  as 
close  as  30  mils.  It  is  not  known  at  the  present  time  if  it  is  possible  t<>  pr-xluce 
holes  bv  the  EC  ID  process  with  a  30-mil  spacing,  even  if  the  problems  of  nozzle 
spacing  can  be  resolved.  With  a  30-mil  spacing  between  holes,  interference  may 
occur  between  adjacent  electrolyte  jets  causing  electrolysis  or  chemical  reactions 
to  occur  on  the  surface  Indween  holes.  If  this  is  the  case,  the  desired  hole  spacing 
can  still  be  obtained,  however,  by  drilling  one  set  of  holes  with  double  the  desired 
spacing,  and  then  drilling  a  second  set  m  the  spaces  between  the  boles  m  the  first 
set . 


C.  LOW-CYCLE  FATL.CK  tKSTINC. 

I .  test  Program  Description 

ft)  Low -cycle—  fatigue  testing  was  performed  to  determine  the  cyclic  life  of 
candidate  materials  with  and  without  holes.  IV o  types  of  tests  were  performed: 
axial  push-pull  tests  aud  strip  bending  tests.  Doth  types  of  test  were  |>erformed 
at  IjOO'F. 
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Figure  16  EDM  Equipment  Designed  for  Small-Diameter  Hole  Drilling; 


Figure  17  seven- Mil  Diameter  Hole  Drilled  by  EDM  Process  Through  80- Mil 
Thick  Udimet-700  in  Approximately  50  Seconds 
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(U)  Axial  push-pull  testing  was  performed  with  the  equipment  shown  in  Figure  18. 
This  rig  loads  the  specimen  through  a  hydraulic  ram  to  a  set  strain  level,  which 
is  maintained  through  a  linear  variable  differential  transformer  (LVI)T)  extension- 
meter  attached  to  the  inner  surface  of  the  specimen.  With  this  arrangement,  the 
strain  level  remains  constant  throughout  the  test  regardless  of  strength  changes  in 
the  specimen  induced  by  the  test.  Most  of  the  tests  were  performed  with  a  max¬ 
imum  strain  of  one  percent,  although  smooth  specimens  were  tested  at  other 
strain  levels  for  comparison  purposes.  The  temperature  of  the  specimen  is 
raised  to  the  desired  level  by  induction  heating. 


Figure  IS  Hydraulically  Operated  Strain  Cyclic  Kig  Fscd  for  Axial 

Push-Pull  resting  11 — 1S‘»1 0 


(F)  Bend  testing  was  performed  in  the  low-cycle  fatigue  test  rig  shown  in 
Figure  lb.  This  rig  subjects  the  specimen  to  a  pure  bending  load  by  applying 
equal  and  opposite  moments  to  the  ends  of  the  specimen,  as  shown  in  Figure  _’u. 
During  reversed  bending,  the  ends  of  the  specimen  are  displaced  kinematically 
to  maintain  a  circular  are.  l'he  maximum  strain  is  maintained  constant  through¬ 
out  the  test  regardless  of  strength  changes  in  the  specimen.  Strain  is  letermineJ 
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by  the  setting  of  the  adjustable  crank  shown  in  Figure  20.  Testing  can  be  per¬ 
formed  at  elevated  temperature  by  inserting  the  specimen  in  the  furnace  shown 
in  Figure  19. 


Figure  19  Pure  Bending  Low-Cycle  Fatigue  Rig 


Figure  20  Operation  oi  Pure  Bending  Low -Cycle  Fatigue  Rig 
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2.  Specimen  Preparation 

(U)  Four  materials  were  tested  during  the  program.  These  were  conventionally 
castU-700,  wrought  U-700,  directionally  solidified  U-700,  and  conventionally 
cast  Mar-M-509.  These  materials  were  formed  into  strip  bend  specimens, 
such  as  shown  in  Figure  21,  and  into  tubular  push-pull  specimens,  such  as 
shown  in  Figure  22.  Both  types  of  specimens  contained  100  holes  spaced 
approximately  50  mils  apart  over  an  area  measuring  about  1/4  inch  by  1  inch. 

The  holes  were  produced  by  either  the  KDM  or  the  ECID  process.  Specimens 
of  each  material  without  holes  were  tested  to  provide  baseline  data.  Specimens 
were  fabricated  in  two  thicknesses,  0.  040  inch  and  0.  080  inch. 

(U)  No  heat  treatment  was  required  for  cast  Mar-M-509  material.  The  U-700 
materials  all  received  heat  treatments  before  machining  and  drilling.  The 
conventionally  cast  and  directionally  solidified  U-700  materials  both  received 
the  same  heat  treatment.  These  materials  were  solution  heat  treated  at  2125 
to  2150  F  for  four  hours  followed  by  furnace  cooling  at  100°F  per  hour  to  1975° F 
and  air  cooling  to  room  temperature.  The  wrought  U-700  material  was  solution 
heat  treated  at  2125  to  2150°F  for  four  hours,  precipitation  heat  treated  at  1975°F 
for  four  hours,  and  then  air  cooled.  This  was  followed  by  treatment  at  1550° F 
for  24  hours  and  air  cooling  and  then  treatment  at  1400°F  for  sixteen  hours  w  ith 
air  cooling.  Following  heat  treatment,  the  specimens  were  machined  and  drilled 
by  the  selected  processes.  They  were  then  protected  by  a  pack  aluminum 
coating.  The  coating  process  included  a  diffusion  heat  treatment  at  1975° F  for 
four  hours  w  ith  air  cooling.  Follow  ing  coating,  the  cast  U-700  materials  were 
precipitation  heat  treated  at  1400°F  for  sixteen  hours.  The  wrought  U-700 
material  was  precipitation  heat  treated  at  1550"F  for  twenty-four  hours  and  air 
cooled,  followed  by  heat  treatment  at  1400* F  for  sixteen  hours  with  air  cooling. 
The  Mar-M-509  material  was  precipitation  heat  treated  at  1975°F  for  four  hours 
following  coating. 

(U)  The  process  selected  for  fabricating  the  specimens  is  one  which  would  also 
be  suitable  for  complete  blade  and  vane  fabrication.  Heat  treatment  w  as  per¬ 
formed  before  machining  to  prevent  the  surface  recrystallization  and  contami¬ 
nation  which  otherwise  might  occur.  In  addition,  the  chosen  heat  treatment 
schedules  tend  to  keep  the  grain  boundaries  clean,  thereby  enhancing  the  ductility 
of  the  part.  The  process  w  as  also  compatible  w  ith  a  hard-facing  process  w  hich 
would  be  required  for  the  turbine  blade  parts.  Hard-facing  can  lie  performed  on 
U-7U0  material  only  when  the  material  is  in  the  as-cast  condition  or  after  it  has 
received  the  complete  heat  treatment  schedule.  A  teni|>erature  of  1975* F  was 
selected  for  the  diffusion  treatment  follow  ing  the  pack  aluminizing  process  to 
ensure  that  recrystallization  of  the  machined  surface  would  not  occur. 
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Figure  -1 


Figure 
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Typical  Strip  Bending  Specimen  with  5- Mil  Diameter 

Holes  Produced  by  the  KCII.)  Process.  Hole  Kxit 

Surface  is  shown  at  Felt  and  in  the  Center  and  Hole 

lint  ranee  is  shown  at  Right  XP-7f»2!M5 


l\pieal  lubular  Push-Pull  Specimens  with  li('ll> 
Holes  <Fe!D  and  I  DM  Holes  (Right) 
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3.  Test  Results 

(U)  Detailed  test  results  are  presented  in  Figures  23  through  30,  and  average 
values  for  each  material  are  presented  in  Table  II.  In  general,  the  strip-bending 
low-cycle  fatigue  life  was  higher  than  the  axial  push-pull  life.  The  thinner 
material  tended  to  have  the  longer  life  in  axial  push-pull  cycling,  whereas  the 
thicker  material  consistently  had  the  longer  life  in  strip  bending. 

(l>)  The  directionally  solidified  U-700  material  demonstrated  the  longest  average 
strip  bending  low-cycle  fatigue  life  in  both  material  thicknesses  with  holes  drilled 
by  either  the  EDM  or  ECID  processes.  In  fact,  in  strip  bending,  the  drilled 
directionally  solidified  U-700  material  had  longer  fatigue  lives  than  any  of  the 
smooth  specimens  fabricated  from  other  materials.  Wrought  U-700  material  was 
slightly  better  than  cast  U-700  material  in  strip  bending,  but  the  fatigue  life  of 
Wrought  U-  700  material  was  significantly  shorter  than  that  of  directionally 
solidified  U-  700  material  for  equal  thicknesses  and  specimen  conditions.  Mar- 
M-509  material  had  the  shortest  life  of  the  four  materials  for  each  specimen 
condition. 

(U)  In  axial  push-pull  cycling,  the  directionally  solidified  U-700  material  and 
the  wrought  U-700  material  had  comparable  fatigue  life  for  smooth  specimens, 
but  the  fatigue  life  of  the  directionally  solidified  material  with  holes  was  signifi¬ 
cantly  longer  than  that  of  the  cast  material  with  holes.  A  typical  failed  specimen 
of  directionally  solidified  U-700  material  is  shown  in  Figure  31.  For  specimens 
with  holes,  the  cast  U-700  and  wrought  U-700  materials  had  comparable  life. 
Mar-M-509  material  again  demonstrated  the  shortest  life  in  axial  push-pull 
cycling. 

(U)  The  average  fatigue  life  data  presented  in  Table  II  clearly  indicates  the 
superiority  of  directionally  solidified  U-700  material  w  ith  respect  to  fatigue 
life  with  and  w  ithout  holes  at  loOOT.  Study  of  the  detailed  data  presented  in 
Figures  23  through  30,  however,  indicates  that  the  data  for  this  material  con¬ 
tains  considerably  more  variation  than  that  for  the  other  materials.  This 
indicates  that  more  development  effort  should  be  applied  to  achieve  consistent 
performance  from  this  alloy. 

D.  CONCLUSIONS  AND  KKCOMMKNDATIONS 

(U)  The  fabrication  tests  demonstrated  that  3-mil-diameter  holes  can  be  drilled 
in  so- mil- thick  alloys  by  either  the  FC1D  or  the  EDM  process  tn  less  than  1  12 
minutes  and  that  3-mil  diameter  holes  can  be  drilled  in  so-mil  thick  turbine 
alloys  by  the  ECID  process.  Further  development  is  required  before  multiple 
no  It-  drilling  will  be  feasible  by  either  process. 
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(U)  TABLE  n 

AVERAGE  LOW-CYCLE  FATIGUE  LIFE  FOR  CANDIDATE 
TURBINE  MATERIALS  AT  I500°F  WITH  1 
PERCENT  TOTAL  STRAIN  RANGE 


Axial  Push-Pull  Test  -  Average  Number  of  Cycles  to  Failure 

Directionally 

Wrought  Solidified 


Cast  U 

-700 

U- 

700 

U- 

700 

Mar-M-509 

40-Mil 

Thick 

80-Mil 

Thick 

40-Mil 

Thick 

80-Mil 

Thick 

40-Mil 

Thick 

80-Mil 

Thick 

40-Mil  80-Mil 
Thick  Thick 

Smooth 

380 

355 

1400 

1020* 

1390 

1190* 

40** 

ECID  Holes 

r,o 

75 

-- 

00* 

585 

320 

10* 

EDM  Holes 

11G 

150 

195* 

110 

415 

550 

50* 

Strip-Bending  Test  -  Average  Number  of  Cycles  to  Failure 


Cast 

U-700 

Wrought 

U-700 

Directionally 

Solidified 

U-700 

Ma  r-M-509 

40-Mil 

80-Mil 

40-  Mil 

80- Mil 

40- Mil 

80- Mil 

40-  Mil 

so-Mil 

Thick 

Thick 

Thick 

Thick 

Thick 

Thick 

Thick 

Thick 

Sm  oot  h 

-- 

815 

010 

1 1 50 

4325* 

17100 

250 

395* 

ECID  Holes 

270 

430 

300 

5 1  v> 

1940* 

10700 

90 

150 

EDM  Holes 

200 

585 

300 

5 1 0 

2300 

5900 

125 

220 

*  Based  on  one  test 
**  Interpolated 
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(U)  Low-cycle  fatigue  testing  demonstrated  the  superiority  of  directionally 
solidified  U-700  material  with  respect  to  cyclic  loading,  both  with  and  without 
ECID  or  EDM  holes.  The  other  materials  tested  demonstrated  significantly 
shorter  life  and  appeared  to  be  more  sensitive  to  the  presence  of  ECID  and 
EDM  small-diameter  holes  than  the  directionally  solidified  U-700  material. 

(U)  Additional  low-cycle  fatigue  testing  should  be  performed  to  determine  the 
effects  of  the  type  of  cyclic  strain,  the  thickness  of  the  material,  and  the 
presence  of  the  pack  aluminum  coating  on  fatigue  life.  The  scatter  in  the  data 
for  the  directionally  solidified  U-700  material  indicates  a  need  for  achieving 
more  consistent  properties  through  development.  However,  the  obvious 
superiority  of  this  material  at  its  current  level  is  indicative  of  the  potential  of 
single-crystal  U-700.  and  this  material  should  be  evaluated  by  a  similar  test 
program. 


10.0  r 


Z 

1LI 

U 

0£ 

Ui 

a. 

I 

Ui 

o 
z 
< 
a t 


< 

at 


< 

*- 

O 


■^Fp 

T 

1 

j'"- 

4  -  4  ■ 

I  f  ■ 

j 

j:: 

f  f 

f 

--  f 

u 

*  • 

1 

t 

1 

4  4  • 

■t 

1 

■4:  r 

*  * 

$ 

t 

1 

v 

o.'oao- 


INCH 


n — rriri 


WALL  SMOOTH 

wall  smooth 
wall  with  ECID  HOLES. 
WALL  WITH  ECID  HOLES. 
WALL  WITH  EDM  HOLES 
WALL  WITH  EDM  HOLES  |1 


10,000 


100,000 


fatigue  life  -cycles 


figure  23  Axial  Push-Pull  Low-Cycle  Fatigue  life  oi 
Cast  U-700  (PWA  65G)  Material  at  1500*F 
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Figure  24  Strip  Bending  Low-Cycle  Fatigue  Life  of  Cast 
U-700  (PWA  658)  Material  at  1500T 
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Figure  25  Axial  Push-Pull  Low  -Cycle  Fatigue  life  of  Wrought 
l’-“00  (PWA  669)  Material  at  1500*F 
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Figure  26  Strip  Bending  Low-Cycle  Fatigue  Life  of  Wrought 
U-700  (PWA  689)  Material  at  1500‘F 
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Axial  Push-Pull  Low -Cycle  Fatigue  life  of 
Directionally  Solidified  C-Too  (PWA  l-lll)  Material  at 
I 500'F 
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Figure  28  Strip  Bending  Low -Cycle  Fatigue  Life  of  Directionally 
Solidified  U-700  (PWA  1411)  Material  at  ir,00*F 


Figure  29  Axial  Puah-Pull  Low-Cycle  Fatigue  life  of  Caat 
Mar- M-G09  (PWA  647)  Material  at  1500'F 
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SECTION  IV 

ABRADABLE  MATERIAL  DEVELOPMENT 

A.  INTRODUCTION 

(U)  The  objective  of  the  abradable  materia!  development  program  was  to  select 
materials  with  good  abradability  ior  use  in  medium  and  high  temperature  en¬ 
vironments. 

(U)  The  program  was  conducted  in  several  phases.  Initially,  a  large  number 
of  materials  were  selected  for  study  on  the  basis  of  literature  surveys,  experience, 
and  assumed  requirements  for  abradability.  The  second  phase  involved  fabri¬ 
cation  of  the  materials  and  bonding  them  to  various  materials.  Subsequently, 
the  resulting  specimens  were  subjected  to  three  types  of  tests.  Static  oxidation 
and  aging  tests  were  performed  to  determine  the  rmximum  service  temperature 
in  air  for  these  specimens.  Hot  gas  erosion  tests  were  performed  to  determine 
the  resistance  of  the  materials  to  jet  burner  combustion  gases  or  hot  air  at  Mach 
1.  0  and  Mach  0.  8,  respectively.  Finally,  dynamic  abrasion  tests  were  performed 
to  evaluate  the  behavior  of  the  candidate  materials  to  abrasion  from  a  spinning 
aisk-and-blade  assembly. 

B.  MATERIAL  SELECTION 

(U)  At  the  start  of  the  program,  the  characteristics  of  a  material  which  enhance 
its  abradability  were  not  precisely  known.  It  was  assumed  that  relatively  soft 
materials  with  low  density  would  exhibit  better  abradability  than  tough  materials 
with  high  density.  It  was  also  necessary,  however,  to  select  materials  which 
.,'ould  withstand  the  severe  oxidation  and  erosion  environment  present  in  high- 
temperature  environments.  Literature  surveys  showed  that,  in  general,  non- 
metallic  materials  would  provide  adequate  life  when  used  at  temperatures  up  to 
700°F.  The  more  promising  nonmetal  lie  materials  included  silicone  rubber, 
silicone  foam  rubber,  Epc  plastic,  and  inorganic  binder  materials.  It  was 
expected  that  the  abradabiu^  of  these  base  materials  could  be  improved  by  the 
addition  of  filler  materials  such  as  chopped  Fiberglas,  hollow  glass  spheres, 
asbestos  flakes,  graphite,  mica,  and  woven  Fiberglas  1  urther  literature 
search  suggested  that  porous  and  fibrous  high-temperature  alloys  as  well  as 
inorganic  mica,  graphite,  and  aluminum  mixtures  might  be  suitaWe  for  use  in 
the  intermediate  range  between  700°F  and  1200°F. 

(U)  In  a  high- temperature  environments  it  was  assumed  that  abradability 
characteristics  would  have  to  be  compromised  somewhat  to  obtain  a  material 
with  adequate  resistance  to  high-temperature  gas  corrosion  and  erosion.  Con- 
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sequently,  high- temperature,  high-strength  nickel  base  alloys  such  as  Hastelloy  X 
and  Incoloy  800  as  well  as  type  410  stainless  steel  were  chosen  for  evaluation.  To 
enhance  their  abradability,  these  materials  consisted  of  either  a  commercially  pro¬ 
duced  hexagonal  honeycomb  structure  era  drilled  honeycomb  structure.  In  addi¬ 
tion,  two  feltmetals  were  tested.  The  complete  list  of  the  materials  and  material 
combinations  selected  for  study  is  presented  in  Table  m. 

C.  FABRICATION 

(U)  The  fabrication  of  nonmetallic  specimens  involved  the  initial  combining  of 
the  binder  and  the  filler  materials  followed  by  specimen  forming  and  curing.  In 
some  cases,  specimens  were  formed  by  applying  the  mixed  binder  and  filler 
directly  tc  0.  045- inch  thick  backing  plates.  To  promote  bonding  between  the 
material  and  the  backing  plate,  the  plate  was  grit-blasted  to  provide  a  rough 
surface,  and,  when  required,  brushed  with  an  adhesive  sealant  or  bonding  agent. 

In  other  cases,  the  material  was  formed  into  sheets  without  backing  for  sub¬ 
sequent  fabrication  into  aging  and  erosion  specimens.  Following  forming,  the 
specimens  were  cured  at  room  temperature  or  at  a  slightly  elevated  temperature 
to  allow  the  material  to  harden.  They  were  then  cured  at  elevated  temperatures 
to  drive  off  excess  volatile  agents.  Details  of  the  fabrication  process  are  shown 
in  Table  IV. 

(U)  Drilled  metallic  honeycomb  material  was  fabricated  from  Hastelloy  X,  type 
410  stainless  steel,  or  Incoloy  800  materials  by  close-spaced  drilling  in  0. 125- 
and  0. 187-inch  thick  sheets.  By  varying  the  drill  diameter,  web  thicknesses  of 
5,  8,  and  20  mils  were  obtained.  The  holes  were  not  drilled  all  the  way  through 
the  material  so  that  the  equivalent  of  a  solid  backing  plate  remained.  After 
drilling,  the  material  was  machined  and  formed  to  the  dimensions  of  the  backing 
plates,  thereby  eliminating  the  necessity  of  bonding  the  material  to  a  separate 
plate.  Details  of  the  fabrication  of  metallic  specimens  are  shown  in  Table  V. 

(U)  It  was  necessary  to  bond  the  commercially  obtained  honeycomb  materials  to 
a  backing  plate,  and  this  was  performed  with  high-temperature  braze  alloy  JBfiOO 
(Ni-33Cr-4Si-25Pd)  at  2150°F  in  a  hydrogen  atmosphere. 

(U)  Difficulty  was  encountered  in  brazing  the  feltmetals  to  the  backing  strips  be¬ 
cause  the  feltmetal  absorved  the  molten  braze  material.  This  resulted  in  inade¬ 
quate  braze  coverage  at  the  joint,  and  also  drastically  reduced  the  abradability 
of  the  feltmetal.  In  an  attempt  to  eliminate  the  flow  of  braze  material  into  the 
feltmetal  (wicking),  a  1-mil  thick  coating  of  nickel-aluminide  coating  was  plasma 
sprayed  onto  the  feltmetal  prior  to  brazing.  However,  as  shown  in  Figure  32, 
considerable  wicking  still  occurred.  Thicker  coatings  were  applied  and  con 
siderable  reduction  of  braze  penetration  resulted,  although  some  wicking  still 
occurred.  Finally,  it  was  found  that  wicking  could  be  essentially  eliminated  by 
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(U)  TABLE  HI 

MATERIALS  STUDIED  FOR  ABRADABLE  SEAL  APPLICATIONS 


Material  Designation 
DC-325 
DC-93-004 

Chopped  Fiberglas  plus 
RTV  Silicone  Rubber 

Eccospheres  plus  DEN  438 

Molykote  Z  plus  DEN  438 
Fiberglas  plus  DEN  438 
Fiberglas  plus  Polyimide 

Fiberglas  plus  PBI 

SermeTel  (PWA-7-3) 

Hastelloy  X  Feitmetal 

Haynes  25  Feitmetal 

Hastelloy  X  Drilled  Honey¬ 
comb  with  8-Mil  Web 

Hastelloy  X  Commercial  Honey¬ 
comb  with  5 -Mil  Web 

Hastelloy  X  Commercial  Honey¬ 
comb  with  8-Mil  Web 

Hastelloy  X  Commercial  Honey¬ 
comb  with  10-Mil  Web 

410  Stainless  Steel  Drilled 
Honeycomb  with  5-Mil  Web 

410  Stainless  Steel  Drilled 
Honeycomb  with  20-Mil  Web 

Incoloy  800  Drilled  Honey¬ 
comb  with  20- MIL  Web 

GE-757 

GE  Nichrome  Foametal 


Dow  Corning  white  silicone  ablative  material 
Dow  Corning  aerospace  sealant  material 


Hollow  silica  microspheres  in  Dow  Epoxy 
Novolac  438  resin 

Molybdenum  disulphide  powder  in  DEN  438 

Tricon  number  101  weave  Fiberglas  in  DEN  438 

Alternate  layers  of  number  108  and  number 
181  Fiberglas  weaves  in  Polyimide  binder 

Fiberglas  fabric  impregnated  with 
Polybenimidazole 

Mica,  graphite,  and  aluminum  added  to 
SermeTel  binder 


RTV  silicone  rubber  foam 
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(U)  TABLE  IV 

FABRICATION  PROCEDURES  FOR  NONMETALLIC  ABRADABLE 
SEAL  MATERIALS 


Material 

Composition 
(Weight  Percent) 

Layup  Procedure 

Post-Lav  Up  Cure 

DC-325 

Vendor  proprietary 

Hand  troweled  and  room- 
temperature  vulcanized 

4  hours  at  250*F 

DC-93-004 

Vendor  proprietary 

Hand  troweled  and  room- 
temperature  vulcanized 

24  hours  at  400oF 

Chopped  Fiberglas  plus 

RTV  Silicone  Rubber 

00%  chopped  1/4  in^h  dia¬ 
meter  Fiberglas  with  heat- 
cleaned  finish.  50%  RTV 
silicone  rubber 

Hand  troweled  and  room- 
temperature  vulcanized 

No  cure  cycle 

Eccospheres  plus  DEN 

438 

17%  Eccospheres  and  83% 

DEN  438 

Hand  troweled  and  heated 
to  350°F  for  4  hours 

No  cure  cycle 

Molykote  Z  plus  DEN  438 

50%  MoSt,  and  50%  DEN 

438 

Hand  troweled  and  heated 
to  350®F  for  4  hours 

No  cure  cycle 

Fiberglas  plus  DEN  438 

60%  Fiberglas  and  40% 

DEN  438  (1  Layer  Fiber¬ 
glas  0. 103  inch  thick). 

NMA  Curing  Agent,  BDMA 
Accelerator,  250“F  for  1.5 
hours  in  "C"  clamp-con¬ 
tained  mold 

4  hours  at  400°F 

Finished  material  0.  065 
inch  thick  utter  cure 

Fiberglas  plus  Polyimide 

45  to  50%  Fiberglas  and 

50  wo  55%  Polyimide 
(Alternate  layers  of  no. 

108  and  181  Fiberglas 
weave) 

Layup  in  mold  2  to  3  hours 
at  400*F  then  5  to  15  min¬ 
utes  at  600°F.  Compression 
IaminaW  L  to  5  minutes 
at  500  psi  and  750  to  800°F 

2  hours  at  250°F,  heated  to 
400°F  over  2  hours  and  held 
at  400°F  for  12  hours  for 

250  to  500°F  test  range.  For 
higher  test  temperatures, 
place  in  cold  oven  and  raise 
to  temperature  in  2  hours. 

SermeTel  (PWA  7-3) 

100  ML  SermeTel  2228 
plus  20  gms  Mica  plus 

15  gms  Graphite  plus 

80  gms  Aluminum 

Hand  troweled  and  air  dried 
12  hours  or  more  prior  to 
curing 

Place  in  preheated  oven  and 
increase  heat  in  increments: 

2  hours  at  140°F,  1  hour  at 
175°F,  1  hour  at  200°F,  1 
hour  at  360°F,  1  hour  at 

615°F. 

Fiberglas  plus  PBI 

Narmco  -  Imic  ite  1850 
Pro-Preg. 

Layup  in  mold  and  com¬ 
pression  laminated  at 

700°F  for  3  hours.  No 
adhesive  used  to  bond 
material  to  back,  o  plate 
for  rub  strips 

Oven  purged  to  nitrogen 
atmosphere  at  room  temper¬ 
ature  for  1/2  hour,  600^'  for 

1  hour;  650oF  for  1  hour;  700°F 
iui  1  hour:  750° F  for  1  hour; 
800°F  for  8  hours.  Cooled  to 
below  400°F  in  nitrogen  before 
removal. 

GE-757 

Vendor  proprietary 

Hand  troweled  and  room- 
temperature  vulcanized 

1  hour  at  250*F 
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FABRICATION  PROCEDURES  FOR  METALLIC  ABRADABLE  SEAL  SPECIMENS 
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Figure  32  Photomicrograph  of  Feitmetai  With  1-Mil  Thick  Plasma- 
Sprayed  Coating  of  Nickel  Aluminide  Showing  Extent 
of  Wicking 


applying  a  5-mil  thick  plasma-sprayed  coating  of  nickel  aluminide  and  a  2-mil 
thick  plated  nickel  coating  (sec  Figure  33). 

(U)  The  bond  strengths  obtained  between  the  nonmetallic  and  metallic  materials 
and  the  backing  plates  were  initially  evaluated  by  bend  testing.  A  typical  bend 
specimen  is  shown  in  Figure  34  after  testing.  Final  evaluation  of  the  bond 
strengths  were  made  during  the  static  oxidation  and  aging  tests  and  during  the 
dynamic  abrasion  tests.  Bonds  were  considered  to  be  satisfactory  only  when 
all  failures  of  the  material  occurred  outside  of  the  interface  between  the  speci¬ 
men  and  the  backing  plate. 

(U)  In  general,  nonmetallic  bonds  tailed  because  of  loss  of  adhesion  between 
the  specimen  and  the  backing  plate  as  a  result  of  thermal  degradation  of  the 
bond  during  aging  or  because  of  insufficient  strength  to  withstand  blade  impact 
during  dynamic  abrasion  testing.  Brazed  bonds  failed  only  in  the  feitmetai 
specimens  and  then  only  during  dynamic  abrasion  testing.  These  failures  were 
attributed  to  insufficient  braze  coverage  during  fabrication. 
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Figure  33  Photomicrographs  of  Feltmelal  With  5-Mil  Thick  Plasma-Sprayed 
Coating  of  Nickel  Aluminide  With  Nickel  Plating  Applied  to  Elimi¬ 
nate  Wicking 
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Figure  34  Typical  Specimen  After  Bending  to  Evaluate  Bond  Strength 

Between  Abradable  Material  and  Backing  Plate  X P-7 84  05 

D.  TEST  PROGRAM 

1.  Static  Oxidation  and  Aging  Tests 

(IT)  Static  oxidation  tests  were  conducted  for  the  metallic  materials.  These 
tests  involved  heating  the  specimens  in  electric  resistance  furnaces  for  200 
hours  with  thermal  cycling  to  room  temperature  every  four  hours.  The  tests 
were  performed  to  determine  the  maximum  operating  temperatures  for  each 
material  for  application  in  the  range  from  1000°F  to  19003F.  Following  testing, 
the  specimens  were  examined  for  evidence  of  warpage,  oxide  sealing,  and 
cracking.  In  addition,  selected  specimens  were  weighed  to  determine  the  gain 
in  weight  as  a  result  of  oxidation,  and  they  were  subjected  to  tensile  and  bend 
testing  when  the  materials  were  suitable  for  such  testing.  All  of  the  specimens 
were  examined  metal lographically  to  determine  the  extent  of  oxide  penetration. 
The  temperature  and  duration  of  the  static  oxidation  tests  performed  for  each 
of  the  metallic  materials  are  listed  in  Table  VI. 

(U)  Examination  of  the  Ilastelloy  X  and  Haynes  25  feltmetals  following  static 
oxidation  revealed  increasing  oxide  penetration  with  time  and  temperature,  as 
shown  in  Figures  35  through  3b.  1'he  change  in  weight  associated  with  the 
oxide  penetration  is  shown  in  Figures  33  and  40  for  the  two  materials.  In 
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Figure  39 


Figure  40 
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(U)  TABLE  VI 

STATIC  OXIDATION  TESTS  PERFORMED  ON 
METALLIC  ABRADABLE  SEAL  SPECIMENS 


Oxidation  Time  (Hours) 
Oxidation  Temperature 


1800T 

1600°F 

HOOT 

1200°F 

1000T 

Hastelloy  X  Feltmetal 

0 

200 

200 

200 

200 

Haynes  25  Feltmetal 

0 

200 

200 

200 

200 

Hastelloy  X  Drilled  Honey¬ 
comb  with  8-Mil  Web 

200 

200 

200 

0 

0 

Hastelloy  X  Commercial 
Honeycomb  with  5- Mil  Web 

200 

200 

200 

0 

0 

Hastelloy  X  Commercial 
Honeycomb  with  8-Mil  Web 

200 

200 

200 

0 

0 

Hastelloy  X  Commercial 
Honeycomb  with  10-Mil  Web 

200 

200 

200 

0 

0 

410  Stainless  Steel  Drilled 
Honeycomb  with  5- Mil  Web 

0 

200 

200 

0 

0 

410  Stainless  Steel  Drilled 
Honeycomb  with  20-Mil  Web 

0 

200 

200 

0 

0 

Incoloy  800  Drilled  Honey¬ 
comb  with  20-Mil  Web 

200 

200 

200 

0 

0 

evaluating  the  data  presented  in  these  curves,  it  should  be  noted  that  the  weight 
of  the  specimens  after  testing  is  a  function  of  two  factors,  namely,  the  increase 
in  weight  as  a  result  of  oxidation,  and  the  loss  in  weight  resulting  from  separation 
of  the  oxide  coating  from  the  specimen.  Consequently,  the  curves  have  generally 
been  drawn  through  the  maximum  weight  points,  since,  if  no  oxide  separation 
occurred,  the  specimen  weight  would  not  decrease  with  time.  Unfortunately, 
Figures  39  and  40  cannot  be  directly  compared  to  determine  the  relative  oxi¬ 
dation  tendencies  of  the  two  materials.  Although  both  materials  were  specified 
as  having  a  density  of  30  percent  of  the  maximum  theoretical  density,  the  density 
of  Hastelloy  X  material  was  actually  31.8  percent,  and  the  density  of  the  Haynes 
25  material  was  actually  37.3  percent.  Further,  the  fibers  in  the  Haynes  25 
material  were  considerably  finer  than  those  in  the  Hastelloy  X  material,  resulting 
in  more  exposed  surface  area  and  a  higher  oxidation  rate. 

(U)  The  bend  strength  of  the  feltmetals  after  static  oxidation  testing  was  deter¬ 
mined  by  bend  testing.  As  shown  in  Figures  41  and  42,  the  bend  strength  of 
Hastelloy  X  feltmetal  increased  with  oxidation  time  at  1000°F  but  decreased  with 
oxidation  time  at  higher  temperatures,  whereas  the  bend  strength  of  Haynes  25 
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Figure  41  Effect  of  Oxidation  Time  and  Temperature  on  Bend  Strength  of 
Hastelloy  X  Feltmetal 
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feltmetal  increased  with  oxidation  time  at  1000°F  and  1200°F,  with  a  decrease 
occurring  at  higher  temperatures  This  behavior  is  attributed  to  the  interaction 
of  several  mechanisms.  The  material  strength  is  increased  and  the  ductility 
is  decreased  by  carbide  and  precipitation  hardening  and  by  the  cementing  effect 
of  the  oxide  formation  at  the  fiber  intersections.  Continued  oxidation  however, 
lowers  the  basic  strength  of  the  feltmetal  fibers.  Consequently,  the  strength 
of  the  material  increases  with  oxidation  time  at  the  lower  temperatures  where 
the  hardening  effects  predominate,  and  it  decreases  with  oxidation  time  at  the 
higher  temperatures  where  the  deterioration  of  the  fiber  strength  from  oxida¬ 
tion  predominates.  The  extent  to  which  this  behavior  influences  the  abradability 
of  the  feltmetals  has  not  been,  determined,  but,  on  the  basis  of  the  metallographic 
changes  and  the  appearance  of  the  specimens  after  static  oxidation  testing,  it 
appears  that  both  materials  will  provide  a  200-hour  life  at  1200°F. 

(U)  The  results  of  the  static  oxidation  tests  performed  on  the  honeycomb  ma¬ 
terials  are  shown  in  Figures  43,  44,  and  45.  No  significant  difference  was 
observed  between  the  commercial  and  the  drilled  honeycombs  when  the  same 
material  was  used.  The  behavior  of  the  different  materials  differed  significantly, 
however.  After  200  hours  at  14  00°F,  the  Hastelloy  X  honeycomb  showed  negligi¬ 
ble  oxidation,  whereas  the  Incoloy  800  material  had  surface  oxidation  penetration 
to  a  depth  of  about  0.  25  mil,  and  the  type  410  stainless  steel  had  a  loosely  ad¬ 
hering  oxide  layer  with  penetration  to  a  depth  of  about  0.  5  mil.  After  200  hours 
at  1600°F,  minor  oxide  penetration  was  found  in  the  Hastelloy  X  honeycomb,  and 
a  thin  adhering  oxide  layer  was  found  on  the  surface.  A  0.  1-mil  thick  oxide  layer 
was  found  on  the  surface  of  the  Incoloy  800  specimen  with  intergranular  oxide 
penetration  to  a  depth  of  about  0.  5  mil.  The  stainless  steel  specimen  was  severely 
oxidized.  After  testing  at  !800°F  for  200  hours,  the  HasteHoy  X  specimen  was 
oxidized  and  pitted  on  l/.e  surface  to  a  depth  of  about  0.  25  mil  w  ith  about  1.  0  mil 
of  intergranular  oxidation.  The  Incoloy  800  specimen  was  oxidized  to  a  depth  of 
about  3.  0  mils.  Because  of  the  severe  deterioration  of  the  stainless  steel  speci¬ 
men  at  1600°F,  stainless  steel  was  not  tested  at  1800°F.  It  is  apparent  from  these 
results  that  the  Hastelloy  X  mateiial  is  superior  to  the  other  materials  w  ith  re¬ 
spect  to  oxidation  resistance  and  that  the  Incoloy  800  material  is  superior  to  the 
stainless  steel  material. 


(U)  The  nonmetallic  materials  were  subjected  to  the  aging  tests  shown  in 
Table  VII.  Each  material  was  tested  initially  at  the  maximum  anticipated 
service  temperature,  and,  normally,  if  satisfactory  results  were  obtained, 
testing  was  not  performed  at  lower  temperatures.  The  test  results  obtained 
at  the  maximum  qualifying  temperatures  for  each  material  are  shown  in  Table  VIII. 
As  shown,  SermeTel  material  demonstrated  an  acceptable  200-hour  life  at 
1200°F;  Fiberglas  plus  Polyimide  demonstrated  a  200-hour  life  at  G00°F;  and 
the  remaining  nonmetallic  materials  demonstrated  a  200-hour  life  at  400°F  and 
500°F.  These  results  should  be  considered  to  be  indicative  of  the  capabilities 
of  the  binder  material  and  independent  of  the  particular  filler  material  used. 
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(U)  TABLE  VD 

STATIC  AGING  TESTS  PERFORMED  ON  NONMETALUC 
ABRADABLE  SEAL  SPECIMENS 


1200°F 


DC-325  0 

DC-G3-004  0 

Chopped  Fiberglass  plus  0 

RTV  Silicone  Lubber 

Eccospheres  plus  DEN  438  0 

Molykote  plus  DEN  438  0 

Fiberglas  plus  DEN  438  0 

Fiberglas  plus  PolyimiJe  0 

Fiberglas  plus  PBI  0 

SermeTel  (PWA  7-3)  200 


Aeinec  Time  ihour3) 

Aging  Temperature 

G00°F  500°  F  400“F 

250°F 

0 

200 

200 

200 

0 

200 

200 

200 

0 

200 

0 

0 

0 

100 

0 

0 

0 

100 

0 

0 

0 

100 

200 

200 

200 

0 

0 

200 

0 

200 

0 

200 

0 

0 

u 

0 

(U)  TABLE  VOl 

STATIC  AGING  TEST  RESULTS  FOR  NONMETALUC 
ABRADABLE  SEAL  SPECIMENS 


Bind? 

Material 

iller 

Material 

Aging 
Temper¬ 
ature  (*F) 

Aging 

Time 

(Hours) 

Remarks 

DEN  43* 

Tiber).  «s 

400 

200 

Accepted:  binder  appears 
dark  and  jomewhat  em¬ 
brittled. 

DEN  43 »* 

Kibergla: 

500 

200 

Failed:  binder  separated 
from  filler.  Severely 
charred  and  cracked. 

DEN  43* * 

Molykote  7, 

500 

Failed:  material  severely 
warped  brittle  and  crt  ad. 

DEN  43* * 

Eccospheres 

:»ou 

Failed;  material  severely 
warped  brittle  and  crackod. 

D033.i 

Proprietary 

500 

Accepted:  material 
slightly  hardened. 

DO  113-004 

Propnela  ry 

500 

Accepted:  material 
slightly  hardened. 

It'i’V  Silicon 
Rubber 

Chopi>cd 

Fiberglas 

500 

Accepted:  material 
slightly  hardened 

PB1 

Fiberglas 

500 

Accepted:  negligible 
change. 

PHI 

Fiberglas 

COO 

loo 

Failed:  complete  lose  of 
bind*- r 

I’ulyimide 

Fiberglas 

lion 

30(1 

Accepted:  negligible 
change 

SermeTel 
(l‘WA  7-3) 

Mica,  <iraphit»* 
A.uininuni. 

IJUO 

3U(i 

Accepted:  wnie  surface 
hiir-Wn.ng  n  >led  ?V-me 
spall  mg  of  material  •»*. 
sharp  edge  r.ole.j 

The  .Mlti-huur  a  civ  ice  UuniK'l  aturc  |c.r  llvcac-  injler’Ma  ma>  laj  an»miieU  u>  br 
40o'F  on  the  hunt*  of  the  first  test  results  listed 
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(U)  The  results  of  the  tensile  tests  performed  during  the  program  are  shown  in 
Figure  46.  Both  the  Haynes  25  and  the  Hastelloy  X  feltmetals  showed  a  marked 
decrease  in  tensile  strength  after  static  oxidation  testing  at  1200°F  for  200  hours. 
The  strength  of  the  nonmetallic  materials  generally  increased  with  aging  at  the 
lower  temperatures,  but  decreased  at  higher  temperatures.  This  behavior  is 
attributed  to  additional  curing  of  the  binder  material  at  the  lower  temperatures 
and  to  deterioration  of  the  binder  at  higher  temperatures.  The  filler  material 
used  affects  the  nominal  strength  of  the  material,  but  it  does  not  appear  to  affect 
the  rate  of  deterioration. 
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Figure  46  Room  Temperature  Tensile  Stiength  ox  Abradable  Materials 
After  Aging  for  200  Hours  at  Various  Temperatures 


2 •  Hot-Gas  Erosion  Tests 

(U)  The  maximum  temperature  at  which  each  material  could  be  expected  to 
demonstrate  a  200-hour  usefu-  life  was  detornvned  on  the  basis  of  the  static 
oxidation  and  aging  tests.  To  evaluate  the  materials  further,  each  material  was 
exposed  to  a  high  velocity  gas  stream  for  100  hours  at  this  temperature.  Mate¬ 
rials  for  use  at  medium  temperatures  were  tested  in  the  equipment  shown  in 
Figure  47,  and  the  materials  fer  high  temperature  use  were  tested  in  the  equip¬ 
ment  shown  in  Figures  48  and  49. 

VTJ)  All  of  the  materials  which  're  ernd mates  for  use  in  the  medium  temperature 
range  demonstrated  an  ability  to  resist  erosion  from  a  Mach  0.  8  gas  stream 
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Figure  48 


Figure  !'.* 

NOFORN 


Hot  Gas  Erosion  Test  Equipment  for  Abradable  Materials  for 
High-Temperature  Tse 


(  loseup  View  ot  Hot  ('.as  Elusion  1’est  Equipment  tor  Abradable 
Materials  tor  High -Tenqierature  l  se 


-  -  A  .  r 


|S 


UNCLASSIFIED 


UNCLASSIFIED 


for  100  hours  at  the  temperature  determined  on  the  basis  of  the  static  aging 
tests  (see  Table  IX).  As  shown  in  Table  IX,  some  of  the  tests  were  termi¬ 
nated  before  a  complete  100  hours  had  been  accumulated  since  the  erosion 
properties  are  limited  by  the  binder  material  used,  and  many  of  the  materials 
had  identical  binders.  When  initial  results  were  the  same  as  those  for  a  ma¬ 
terial  which  had  already  been  tested  and  which  had  the  same  binder,  it  was  as¬ 
sumed  that  the  results  for  the  remainder  of  the  test  would  also  be  the  same. 

The  conditions  of  all  of  the  specimens  is  shown  in  Figure  50. 

(U)  The  materials  which  were  candidates  for  use  in  the  high  temperature 
range  were  exposed  to  combustion  exhaust  products  at  Mach  1.  0.  The  results 
of  the  tests  on  Hastelloy  X  honeycomb  materials  are  shown  in  Figures  51 
through  54.  All  of  these  specimens  contained  an  adherent  oxide  coating  approx¬ 
imately  0.  5  mil  thick  aftc-r  testing.  Intergranular  oxidation  extended  from  4.  0 
mils  beneath  the  surface  for  the  specimen  tested  at  1800°F  for  100  hours  to  2.  0 
mils  for  the  specimen  tested  at  1600°F  for  100  hours.  The  other  Hastelloy  X 
specimens  were  tested  for  shorter  periods  of  time  and,  therefore,  had  propor¬ 
tionately  less  oxide  penetration.  It  should  be  noted,  however,  that  the  surfaces 
exposed  'irectly  to  the  gas  stream  suffered  somewhat  from  erosion.  For  ex¬ 
ample,  the  hot  gas  impingement  area  of  the  Hastelloy  X  drilled  honeycomb  spec¬ 
imen  tested  at  1800°F  for  100  hours  suffered  a  loss  of  approximately  25  percent 
of  the  web  width  as  a  result  of  erosion. 

(T.J)  The  results  of  the  test  on  Incoloy  800  specimens  are  shown  in  Figures  55, 

56,  and  57.  After  47  hours  of  exposure  to  a  Mach  1  gas  stream  at  1800° F,  con¬ 
siderable  erosion  had  occurred.  The  remaining  oxide  coating  was  2  mils  thick, 
and  intergranular  oxide  penetration  extended  approximately  4  mils  beneath  the 
surface.  One  hundred  hours  of  exposure  to  a  Mach  1  gas  stream  at  160o°F 
resulted  in  essentially  all  of  the  oxide  layer  being  eroded  away  with  a  reduction 
in  web  thickness  of  about  5  percent.  Intergranular  oxidation  penetrated  about 
4  mils  beneath  the  surface.  Testing  with  a  gas  stream  at  1400° F  for  100  hours 
resulted  in  essentially  the  same  conditions,  as  shown  in  Figure  57. 

(U)  Hot  gas  erosior.  results  of  the  test  on  type  410  stainless  steel  are  show  n  in 
Figure  58.  Exposure  for  100  hours  to  a  Mach  1  gas  stream  at  1400° F  resulted 
in  significant  oxide  surface  erosion  which  reduced  the  w  eb  thickness  by  about 
10  percent. 

(l!)  On  the  basis  of  the  static  oxidation  and  the  hot-gas  erosion  tests,  it  appears 
that  Hastelloy  X  drilled  or  commercial  honeycomb  would  provide  a  :h'0-h<>ur  ser¬ 
vice  life  at  1S00  F.  The  Incoloy  soo  material  would  be  marginal  at  lOOirF ,  al¬ 
though  it  would  be  satisfactory  at  1400' F,  as  would  the  type  4iu  stainless  steel. 
Neither  the  web  thickness  or  the  method  by  which  the  honeycomb  was  produced 
appeared  to  affect  the  service  lives  of  these  materials. 
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(U)  TABLE  DC 

HOT-GAS  EROSION  TEST  RESULTS  FOR  CANDIDATE 
MATERIALS  FOR  FAN  AND 
COMPRESSOR  SEALS 


Material 

Test 

Tem¬ 

perature 

(*F) 

Time 

in 

Test 

(Hours) 

Remarks 

DC-325 

500 

100 

Local  hardening;  negligible 
surface  erosion. 

DC-93-004 

500 

100 

Local  hardening;  negligible 
surface  erosion. 

Chopped  Fiberglas  plus 

RTV  Silicone  Rubber 

500 

14 

Test  terminated  after  14  hours; 
material  showed  results  similar 
to  DC-325  after  14  hours. 

Eccospheres  plus  DEN  438 

500 

12 

Severe  charring;  negligible 
erosion. 

Molykote  Z  plus  DEN  438 

500 

100 

Minor  surface  cracking  and 
blistering;  moderate  charring; 
negligible  erosion. 

Fiberglas  plus  DEN  438 

400 

100 

Minor  surface  cracking; 
negligible  erosion. 

Fiberglas  plus  Polyimide 

GOO 

100 

Negligible  surface  erosion. 

Fiberglas  plus  PBI 

GOO 

100 

Binder  completely  eroded 
from  filler  (Fiberglas). 

SermeTel  (PWA  7-3) 

1200 

100 

Negligible  surface  erosion. 

Hastellov  X  Felt  metal 

1200 

100 

Negligible  surface  erosion; 
negligible  oxidation. 

Haynes  25  F'  metal 

1200 

100 

Negligible  surface  erosion; 
negligible  oxidation. 
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Figure  55  Photomicrographs  of  Incoloy  800  Drilled  Honeycomb  With  UO-Mii 
Web  After  Exposure  to  Much  1  <!as  Stream  at  18(H)" K  for  17  Hours 
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3.  Dynamic  Abrasion  Tests 

(U)  The  dynamic  abrasion  tests  simulated  the  actual  mechanical  and  thermal 
conditions  that  the  abradable  specimens  would  be  expected  to  sustain.  The 
specimens  were  mounted  on  a  brake-shoe  block,  heated,  and  moved  into  a 
bladed-disk  spinning  assembly.  The  test  equipment  is  shown  in  Figures  59 
and  60.  All  of  the  specimens  were  aged  at  the  temperature  for  which  they 
were  qualified  as  a  result  of  the  aging  and  erosion  tests.  However,  a  number 
of  the  specimens  failed  during  aging  because  of  inadequate  bond  strength  between 
the  abrasive  material  and  the  backup  plate.  The  condition  of  the  specimens 
before  and  after  exposure  to  the  maximum  static  oxidation  of  aging  temperature 
is  shown  in  Table  X  and  Figure  61.  The  specimens  which  were  in  satisfactory 
condition  were  used  in  the  dynamic  abrasion  tests.  Unaged  specimens  were 
substituted  for  the  failed  aged  specimens  to  provide  additional  information  for 
calculations  of  the  abradability  index  and  to  determine  the  unaged  abradability 
of  these  materials  in  the  event  that  future  work  improves  the  bonding  techniques 
and  permits  these  materials  to  withstand  the  aging  treatment. 

(U)  The  abrasion  test  results  w  ire  evaluated  on  the  basis  of  a  semiquantitative 
abradability  index  developed  for  the  purpose  during  this  program.  The  index 
was  developed  on  the  basis  of  several  considerations.  First,  no  blade  tip  wear, 
Wt,  was  to  be  tolerated,  nor  could  bond  failure  in  the  abradable  material  be 
tolerated.  Further,  the  drag  force  produced  when  the  specimen  contacts  the 
blades,  F^,  should  be  as  small  as  possible.  A  large  drag  force  indicates  un¬ 
desirably  strong  resistance  to  abrasion.  The  penetration  time,  Tp,  which 
represents  the  time  for  the  drag  force  to  return  to  zero,  should  be  as  short  as 
possible,  since  the  least  reduction  in  blade  tip  speed  is  desired,  and  since  a 
short  penetration  time  indicates  ease  of  abrasion.  Finally,  the  depth  of  pene¬ 
tration,  Dp,  should  be  as  large  as  possible  for  a  given  groove  drag  force  and 
penetration  time.  It  was  assumed  that  penetration  time  and  drag  force  would 
be  inversely  proportional  to  the  depth  of  penetration  in  establishing  the  abrada¬ 
bility  index.  The  requirement  for  no  tip  wear  resulted  in  weighing  this  para¬ 
meter  by  a  factor  of  1000.  The  resulting  equation  for  aoradability  index  is: 


Abradability  Index 


(1  +  1000  VV  ) 
'  V 


(U)  It  should  be  noted  in  considering  this  equation  that  sufficient  data  is  not 
available  to  verify  the  relative  weights  assigned  to  the  various  parameters. 
However,  it  is  fell  that  the  equation  provides  sufficient  reliability  to  indicate 
the  comparative  abradability  of  the  materials  evaluated.  In  using  the  abrada- 
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Figure  59  Dynamic  Abrasion  Test  I\ig  H-G5313 

1.  Strain  Gage  Trans-  3.  Air  Actuator 

ducer  Link  4.  Compressor  Rotor 

2.  220- Vo  It  Heaters  5.  Steam  Drive  Turbine 


Figure  GO  Closeup  View  of  Dynamic  Abrasion  Test  Rig  X-2  IT  10 

1.  Abradable  Seal  Sample  3.  Actuator  Head 

2.  Abradable  Seal  Heater  1.  Transducer  and  Thermocouj)le 

Lead  Wires 
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(U)  TABLE  X 

ABRASION  TEiiT  SPECIMEN  BOND  CONDITION 
BEFORE  AND  AFTER  AGING 


Bond  Condition 

Material 

As  Fabricated 

After  Tes*  Exposure 

DC-325 

Good  with  minor  cracking 
of  material  when  bent  but 
negligible  bond  failure. 

Marginal  with  some  cracking 
and  localized  separation  of 
seal  from  back-up  piste  after 
•King- 

DC-93-004 

Same  as  DC-325 

Poor:  seal  separated  from 
back-up  plate  during  aging. 

Chopped  Flberglas 
plus  RTV  Silicone 
Rubber 

Marginal  with  some  sep¬ 
aration  of  seal  from  back¬ 
up  plate  when  bent. 

Marginal 

Eccospheres  plus 

JEN  438 

Poor  since  brittl*  material 
shatters  when  bent. 

Poor 

Molykote  Z  plus 

DEN  438 

Good:  Material  and  bond 
wlthstixid  normal  bending. 

Poor:  seal  cracked  and  sep¬ 
arated  from  backup  plate 
during  aging. 

Flberglas  plus 

DEN  438 

Good 

Poor:  bond  failure  due  to 
aging. 

Fibcrglas  plus 
Polytmldc 

Good 

Good 

Flberglas  plus  PBI 

Marginal  with  some  sep¬ 
aration  of  laminate  noted 
after  fabrication. 

Poor:  Seal  separated  from 
backup  plute  during  aging. 

SermeTel  (PWA  7-3) 

Good 

Poor:  seal  cracked  and 
separated  from  backup  plate 
during  aging. 

Hastelloy  X  Felt- 
metal 

Good 

Fair:  localized  hond  failure 
Jue  to  braze  "wicking. "• 

Haynes  25  Felt- 
metal 

Same  as  Hastelloy  X 

Same  as  Hastelloy  X 

Hastelloy  X  Com¬ 
mercial  Honey¬ 
comb 

Good:  strength  of  honey¬ 
comb  braze  prevented 
normal  bend  test. 

Good 

Hastelloy  X  Drilled 
Honeycomb 

integral  specimen:  no 
bond  required. 

Integral  specimen:  no  bond 
required. 

410  Staii  . ess  Steel 
Drilled  Honeycomb 

Integral  specimen:  no 
bond  required. 

Integral  specimen:  no  bond 
required. 

Incoloy  800  Drilled 
Honeycomb 

Integral  specimen:  no 
bond  required. 

Integral  specimen:  no  bond 
required. 

GE-757 

Same  as  DC-325 

Marginal:  local  separation 
from  backup  plate  in  rub 
area.  (Specimen  not  aged) 

GE  Niehrome 

Good 

Specimen  not  aged 

Foamotal 

•Wlcking:  absorption  of  braze  alloy  by  leHmetal  by  capillary  action  which 
atarvei  bond  tnterfaea. 
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Figure  61  Typical  Nonmetallic  Abradable  Specimens  After  Aging  for  Various 
Periods  at  Various  Temperatures  XP-77923/XP-77926 


bility  indax,  it  was  necessary  to  determine  u  value  which  would  separate  ma¬ 
terials  with  acceptable  and  unacceptable  abrasion  characteristics.  Study  ot 
the  equation  and  the  material  requirements  resulted  in  selection  of  the  index 
value  of  71.  4  with  Fj  expressed  in  pounds,  Tp  in  seconds,  and  Dp  and  Wj 
expressed  in  inches.  Index  values  of  71.  4  and  below,  therefore,  were  considered 
to  be  acceptable,  and  values  above  71.  4  were  considered  to  be  unacceptable. 

(U)  Resuits  of  the  abrasion  tests  are  shown  in  Table  XI.  As  shown,  the  only 
qualifying  material  is  DC-325.  All  other  materials  had  excessively  high 
abradability  indices,  failed  to  surve  the  mandatory  aging  treatment,  or 
physically  failed  during  the  abrasion  test.  The  conditions  of  typical  specimens 
after  dynamic  abrasion  testing  are  shown  in  Figures  62  through  75. 
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Figure  G2  IX'-:?2r>  Fnaged  (  Top)  and  Aged  (Bottom)  Hub-Strip  Specimens 

Alter  Dynamic  Abrasion  Testing  at  f>2">T  and  GOOF,  Respectively 

XP-T702.') 


Figure  *2!  IH'-tKi-OO-l  Fnaged  lU'b-Strip  Specimens  Alter  Dynamic  Abrasion 
I’esiing  at  G2G‘F  ^ *  ‘ 
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<U>  TABLE  XI 


ISYNAMT  ABRASION  TEST  RESULTS 


Material 

Prerub 

Condition 

Blade 

Speed 

DC -MS 

Una*  ad 

13,  WO 

dc-m; 

Aped  100 
Houra  at  3  SO* 
F  and  200 
Hour*  at 

$00*F. 

i3,M« 

DC-»3-'XM 

Unaffed 

14,000 

Chopped  Etberplae 
phis  RTV  Silicone 
Rubber 

Cm*  *4 

1 4,  0O0 

Chopped  Fiber,  la* 
plus  RTV  Si  Ure  tie 
Rubber 

Aped 

14,000 

Ftherptaa  plua 

DEN  13* 

Una,t  cd 

13,  99*'» 

Eiberptaa  plua 

DEN  IS" 

Aged 

»U*Mly 

loose  due 
to  drilling 

14,000 

VIn  ly  <o*.c  Z 
plua  DEN  13a 

Unaccd 

13,  95* 

Elberplaa  plua 

I’Bl 

Unatfed 

U,o> 

Elberplaa  plua 

A{<d 

14,  ooo 

S’wlylmidv 


SrrmcTcl  (»*WA-7-3) 

Unagrd 

14,  000 

Haatclley  X 

FcltmcUil 

Aged 

13.  **i»* 

Hay  nr*  26 

Felt  metal 

Aged 

14.  OH. 

Hatftcllny  X 
lommenul 

Honeycomb  *ilh 

io-*n  wa. 

Aged 

13.  7*9 

Main  lean 

Meet  Drilled 

Honevvomb  *tlb 

2  )-Mil  Vtvt 

\f»l 

14.  0  v) 

Rubber  1  earn 

t  nadcd 

13.  920 

J t  Su^w« 

ft»a  metal 

l  teamed 

13.  993 

Contact 

Time 

(Scconda) 

$ 

Ttm,  Tor 
penetration 
(Seconds) 

Depth  tA 

Peaet  ration 
(Inch) 

Oran 

Force 

1*1 

0.2 

0.  0*1^ 

6.4 

3 

0.2 

ft.  040 

1.3 

6 

0 

0.  QM 

0 

4  3  /4 

0 

Bond 

Mufrtured 

ft 

5 

0 

Bond 

Ruptured 

0 

5 

0.  16 

ft.  13 

1.6 

*  i  2 

0.  3 

0.  Ot.O 

(Rubbed 

through 

aral) 

16.  1 

6  3  4 

0.  16 

0.  0»ii 

4 

6 

0.  7 

0.046 

13.0 

6 

0.  6 

0.  <C4 

6.  6 

6  l  2 

0.3 

0.  02  1 

6 

4  3  t 

0.  6 

0.037 

9 

»; 

s 

o.  037 

11 

t. 

0.  2 

o.  (>4  i 

11.2 

4  3  4 

1.  4 

o.  02*.  to 

1).  009 

23 

- 

0 

>>.  '*.0 

tj 

i 

l.  } 

•).  >»2u 

:i 

i>m  i 
Pn«l! 
Dept 

SL 

ni 

32 


I 


* 
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?tF)  TABLE  XT 

DYNAMIC  ABRASION  TEST  RESULTS 


(otiUct 

Tin*- 

5 

Tlmt  Ear 
p«tMinUM 
IS  t  cowls) 

DcpU  of 
Penetration 
dork) 

foiu 

-J £1 

4.6 

r>r»g  Fore* 

penetration 

Depth 

(#>/!«) 

Initial 

Tempera  t»re 

_XZ1 _ 

Tempera!  art 
Pise 

.CD _ 

Blade 

Tlpcdr  AbratiMIHjr 

(Inch..)  lade* 

0.3 

0,G#0 

A3.  5 

53$ 

0 

0 

6.5 

5 

0.2 

0.040 

1.3 

33.4 

500 

0 

0 

16.5 

6 

0 

0.  IMA 

0 

0 

533 

0 

0 

0 

4  3/4 

0 

Bond 

Rapt  lift'd 

0 

0 

305 

0 

0 

• 

5 

0 

Bond 
Rupturv  4 

0 

0 

500 

0 

0 

• 

5 

0.  13 

o.  ;n 

1.3 

11.3 

410 

- 

0 

17.3 

6  1/3 

0.3 

0.060 

(RuhLod 

thriuffb 

•cal* 

» j.  1 

2  32 

410 

54 

Not 

Applicable 

•« 

3  3/4 

0.  13 

0.  06 * 

4 

39 

90 

20 

0 

a.  9 

3 

0.7 

0.  04  j 

13.0 

2A9 

US 

15 

0.  002 

606 

5 

o.  3 

0.  024 

3.  S 

22* 

600 

0 

0.  002 

312.0 

3  12 

0.3 

o.  02 1 

5 

23* 

120 

16 

0 

71.1 

4  3  4 

0.  3 

0.  C37 

9 

243 

1005 

20 

0.  003 

4*4.0 

<* 

0.  1 

u  037 

11 

35“ 

920 

0 

0.  004 

1520.0 

6 

o.  2 

0.  “44 

It.  2 

2*»*» 

102  5 

0 

0.  00 1 

212.0 

13  1 

1.4 

“  026  lu 

0.  W9 

23 

5*3 

1115 

30 

0.  oox 

**13.  0 

3 

«» 

IJ.  «**3 

0 

v-0 

o 

o 

0 

i 

l.  3 

t*.  02 1 

1  of  % 

10*0 

330 
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k* 
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Figure  'Tl  Chopped  Fiberglass  Plus  KTY  Silicone  Rubber  I’naged  (Top)  and 
Aged  (Bottom)  Bub-Strip  Specimens  Alter  Dynamic  Abrasion 
Testing  at  ."iO.YT  and  yoo'F,  Respectively  XP-TTtUM 


Figure  '•->  Fcc« -spheres  Plus  !>FN  R!s  luaged  Rub-Strip  Specimen  Alter 

iti-nci  Failure  I*uring  I)-,  iiamic  Abrasion  Test  \1  -77*.n'-> 
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Figure  67 


Fiberglas  Plus  DEN  438  llnaged  (Top)  and  Aged  (Bottom)  Rub- 
Strip  Specimens  After  Dynamic  Abrasion  Testing  at  110°F 

XP-77929 
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Figure  70  Hastelloy  X  Fell  metal  Aged  Rub-Strip  Specimen  Alter  Dynamic- 
Abrasion  Testing  at  100.TF  XP-7m.»11 


Figure  71  Haynes  2.7  Feltmetal  Aged  Rub-Strip  Specimen  Alter  Dynamic- 

Abrasion  Testing  at  02 o  F  XP-77027 


Figure  72  Hastellov  X  t'ommereial  Ilonevcomb  Aged  Rub-Strip  Specimen 
Alter  Dvnamic  Abrasion  Testing  at  log.,  1-  XP-. 
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Figure  ":i  Type  IK)  Stainless  Steel  Drilled  Honeycomb  Aged  Rub-Strip 

Specimen  After  Dynamic  Abrasion  Testing  at  1 1  l.r>T  XP-77927 


Figure  7.. 
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tii.  Xirhroim*  1  oametil  tinged  Kub-Str;p  Specimen  Alter  Dvnamic 
Abrasion  Testing  at  loso  i  Xl'-TV.ilti 
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E.  CONCLUSIONS  AND  RECOMMENDATIONS 

(U)  None  of  the  materials  successfully  completed  all  of  the  evaluation  tests. 
However,  as  shown  in  Table  XII,  none  of  the  materials  evaluated  satisfied  this 
requirement.  Only  one  material  was  considered  to  be  even  marginal,  and  this 
was  DC  325  material,  which  has  good  characteristics  except  for  bond  strength 
and  service  life,  both  of  which  are  marginal 

(U)  The  metallic  honeycomb  materials  failed  to  qualify  primarily  because  of 
their  toughness  and  abrasive  qualities  which  caused  blade  tip  wear.  Insufficient 
bond  strength  was  the  chief  cause  of  failure  for  the  nonmetallic  materials.  In 
view  of  these  results,  it  is  evident  that  further  study  is  required  to  determine  a 
geometry  which  will  reduce  the  toughness  of  the  metallic  specimens  to  eliminate 
the  problem  of  tip  wear.  Additional  study  of  nonmetallic  materials  is  also 
recommended. 

(U)  This  program  attempted  to  demonstrate  the  capability  of  a  number  of  non¬ 
metallic  materials  to  withstand  the  conditions  existing  in  medium  temperature 
environments.  These  materials  did  not  qualify,  however,  because  of  the 
abrasive  qualities  of  the  filler  materials,  which  resulted  in  blade  tip  wear. 
Consequently,  future  work  with  nonmetallic  materials  should  be  concentrated 
on  an  extensive  investigation  of  a  number  of  filler  materials  in  combination  with 
a  limited  number  of  proven  high-temperature  binding  materials. 

(U)  Several  useful  trends  were  established.  A  measure  of  abradability  was 
developed  which  is  useful  for  comparing  the  relative  abrasion  qualities  of  mater¬ 
ials.  In  addition,  it  was  found  that  abradability  appears  to  be  inversely  propor¬ 
tional  to  the  tensile  strength  of  the  material.  Finally,  a  number  of  materials 
were  found  which  are  capable  of  withstanding  high  temperature  corrosion  and 
erosion  conditions.  The  outstanding  problem  is  finding  a  material  which  is 
capable  of  withstanding  operating  environmental  conditions  and  which  also  has 
sufficiently  low  toughness  and  abrasive  characteristics  to  preclude  blade  tip 
wear. 
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(U)  TABLE  XTI 


SUMMARY  OF  ABRADABLE  SEAL  MATERIAL  TEST  PROGRAM 


Material 

Component 

Application 

Fabrication 

Bond 

Strength 

Static 

Oxidation 

and 

A*1"* 

Hot 

Gas 

Erosion 

DC-325 

Fan  plus  low- 

temperature 

compressor 

Marginal 

Go<d 

Good 

DC-03-004 

Fan  plus  low- 

temperature 

compressor 

Poor 

Good 

Good 

Chopped  T.berglaa 
plus  RTV  60  Silicone 
Rubber 

Fan  plus  low  - 

temperature 

compressor 

Poor 

Good 

Good 

Eccoapheres  and 

DEN  438 

Fan  plus  low- 

temperature 

compressor 

Poor 

Poor 

Good 

Molykote  plus 

DEN  438 

Fan  plus  low— 

temperature 

compressor 

P'-./r 

Good 

Good 

Fiberglas  plus 

DEN  438 

Fan  plus  low- 

temperaiurc 

compressor 

Poor 

G<H>d 

Good 

Fiberglas  plus 
Polylmide 

?‘an  plus  low- 

tempcrature 

compressor 

Good 

Good 

Good 

Fiberglas  plus  PBI 

Fan  plus  low- 

temperature 

compressor 

i  (H>r 

Good 

Good 

SermeTel  fP'VA  7-3) 

Fan  and  Compres¬ 
sor 

Poor 

Good 

Good 

Mastelloy  X 

Feltmetal 

Compressor  and 
Turbine 

Poor 

C»*H>d 

Good 

Haynes  25  Felt- 
metal 

C'  npressor  anu 
Turbine 

Poor 

C*(H>d 

Good 

Mastelloy  X  Drilled 
Honeycomb 

Compressor  and 
Turbine 

C.ood 

Good 

Good 

Mastelloy  X  Com¬ 
mercial  llcneyconu) 

Compressor  and 
Turbine 

Good 

GiM.d 

Good 

410  Sta inlets  Steel 
Drilled  Honeycomb 

Compressor  and 

lurbinc 

Good 

Good 

Good 

Incoloy  hud  Drilled 
Honeycomb 

Compressor  »nd 
turbine 

Good 

Good 

Good 

GK-757 

Fan  and  l»>w- 
temperature 
compressor 

Marginal 

GF.  Nichrome 

Foa  metal 

t  an  and  compres¬ 
sor 

Good 

Dynamic 

Ahradab’Hty 

Good 

Abradable  Seal 
Application 

At  Maximum 
TeniDerature 

Marginal 

Qualifying 

Remarks 

Less  than  200  hour  life 

Good 

Unacceptable 

Bond  failure 

G1  H)d 

Unacceptable 

Bond  failure 

Poor 

Unacceptable 

Brittle  bond  and  seal  material 

Good 

Unacceptable 

Brittle  bond 

Good 

Unacceptable 

Bond  failure 

POOT 

Unacceptable 

Blade  tip  wear 

Poor 

Unacceptable 

Bond  failure  and  blade  tip  wear 

Good 

Unacceptable 

Bond  failure 

Poor 

Unacceptable 

Bond  failure  and  blade  lip  wear 

Poor 

Unacceptable 

Bond  failure  and  blade  tip  wear 

Poor 

Unacceptable 

Blade  »ip  wear 

Poor 

Unacceptable 

Blade  lip  wear 

Poor 

l  nacceptable 

Blade  lip  wear 

Poor 

Unacceptable 

Blade  Up  wear 

Good 

- 

Performance  similar  to  DC-32 
vc  ith  some  material  cracking 

Poor 

1  nacceplublr 

Ml  a  tie  Up  wear 
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SECTION  VI 

EVALUATION  OF  MATERIALS  FOR  USE  IN  A  HIGH-  TEMPERATURE 
CORROSIVE  AND  EROSIVE  ENVIRONMENT 

A.  INTRODUCTION 

(U)  A  number  of  materials  were  evaluated  for  use  in  a  high-temperature  cor¬ 
rosive  and  erosive  combustion  environment.  The  program  involved  four  distinct 
tasks.  Initially,  materials  were  selected  for  study  on  the  basis  of  experience 
and  a  literature  survey.  This  was  followed  by  the  fabrication  of  specimens  for 
testing.  During  the  fabrication  effort,  data  on  the  formability  and  coating  of 
the  materials  was  obtained,  and  welding  requirements  were  determined.  The 
third  task  was  low -cycle  fatigue  testing,  and  the  fourth  task  consisted  of  two 
series  of  thermal  endurance  tests. 

B.  MATERIAL  SELECTION 

(U)  The  materials  for  evaluation  were  selected  on  the  basis  of  high-temperature 
strength  and  good  oxidation-corrosion  resistance.  A  literature  search  resulted  in 
the  selection  of  nine  basic  materials,  including  high-temperature  nickel-base 
super-alloys,  dispersion  strengthened  alloys  in  coated  and  uncoated  form,  and 
coated  refractory  alloys.  Hastelloy  X  was  also  included  to  provide  baseline  data. 
The  complete  list  of  the  materials  evaluated  is  shown  in  Table  XIII,  together  with 
nominal  compositions  and  suppliers. 

C .  SPE  CIM  E  N  F A  BRIC A  TION 

(U)  The  specimens  were  fabricated  to  a  design  which  simulated  a  louvered  sec¬ 
tion  of  a  typical  combustion  liner.  The  specimen  design  is  shown  in  Figure  76. 

No  difficulty  was  encountered  in  forming  ar.y  of  the  materials  except  thoriated 
L-605  alloy  and  coated  I'D  nickel-chrome  alloy.  Several  attempts  were  made  to 
form  L-605  alloy  to  the  required  geometry,  but  each  attempt  resulted  in  cracks 
in  the  specimen.  Various  attempts  to  heat  treat  the  material  to  improve  its 
formability  were  unsuccessful.  The  heat  treatments  attempted  are  shown  in 
Table  XIV. 

(U)  The  formability  of  coated  TD  nickel-chrome  alloy  was  found  to  be  signifi¬ 
cantly  poorer  than  that  of  »hc  uncuated  material.  Specimens  were  successfully 
fabricated,  however,  by  using  a  hot  forming  process. 

(U)  Resistance  welding  was  used  for  all  of  the  materials  except  Cb-12i)Y,  which 
was  electron- beam  welded  because  of  its  high  melting  point.  Welding  did  not 
cause  any  difficulties  during  fabrication. 
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TABLE  XIV 


Heat  Treatments  Applied  to  Thoriated 
L-605  Sheet  Prior  to  Forming 


Temperature  (°F) 


Time  at 

Atmosphere  Temperature  (hr) 


2250 

2250 

2250 

2300 


Hydrogen 

1.00 

Hydrogen 

0.25 

Hydrogen 

0.25 

Hydrogen 

2.00 

Cooling 

Rate 


Air  quench 
Oil  quench 
Water  quench 
Cooled  in  H,, 


2  1  2" 


O 

0 

o 

o 

0 

o 

o 

o 

o 

o 


COOLING  HOLES) 

0.042"  Dl A.  ±0.005" 

0.162"  ±  0.005"  ON  CENTER 
(10  HOLES) 


Figure  76  Test  Specimen  Design 

(U)  Two  coatings  were  used  to  provide  oxidation  protection  lor  the  material. 

A  coating  of  Cr-Ti-Si  material  was  applied  to  the  refractory  alloy,  Cb-129Y  by 
a  two-cycle  vacuum  process.  Prior  to  coating,  all  edges  were  ground  to  a  mini¬ 
mum  radius  of  0.  050  inch,  and  fillet  welds  were  added  to  joined  pieces  to  provide 
the  minimum  0.050-inch  radius  at  all  interfaces.  The  radii  were  required  to 
ensure  coating  integrity  at  all  joint  interfaces  and  edges.  Thoriated  nickel  and 
thoriated  nickel-chrome  alloys  were  coated  with  a  duplex  chromized-aluminized 
process.  All  edges  of  these  specimens  were  ground  to  a  full  radius  to  prevent 
unequal  coating  buildup.  Photomicrographs  showing  the  coating  produced  are  pre¬ 
sented  in  Figures  77,  76  and  79. 
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Figure  79 


Unetched  Mag:  1000X 

Photomicrograph  of  TD  Nickel-Chrome  Specimen  With  Duplex 
Chrome-Aluminide  Coating 


D.  LOW-CYCLE  FATIGUE  TESTING 

(U)  Low-cycle  fatigue  testing  was  performed  on  selected  materials  using  the 
true  reverse-bending  rig  shown  in  Figures  80  and  81.  The  materials  tested  were 
uncoated  Hnstelloy  X,  uncoated  TD  nickel,  chrome-aluminde-coated  I'D  nickel- 
chrome,  and  uncoated  Inconel  025.  Each  material  was  tested  at  fiv;>  strain  levels, 
1.2,  0.87,  0.08,  0.55,  and  0. 38  percent.  These  strain  levels  were  chosen  to 
simulate  the  environmental  strains  imposed  by  thermal  cycling  during  engine 
'Deration.  Testing  was  performed  at  1050  and  1800* F. 

(U)  The  fatigue  data  obtained  was  correlated  by  fitting  an  analytically  determined 
equation  to  the  data.  This  equation  was  developed  using  the  principles  presented 
by  Tavernelli  and  Coffin1  and  Munson-.  Construction  of  the  analytical  curve  is 


TjT  F.  Tavernelli  and  L.  F.  Coffin,  Jr.,  "Experimental  Supi^rt  for  Generalized 
Equation  Predicting  Low  Cycle  Fatigue,"  Journal  of  Basic  Engineering,  December 
1902. 

2S.S.  Manson,  "Fatigue:  A  Complex  Subject  -  Some  Simple  Approximations. " 
Kxjwrimental  Mechanics,  July  1905. 
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Unetched  Mag:  1000X 

Figure  79  Photomicrograph  of  TD  Nickel-Chroma  Specimen  With  Duplex 
Chrome-Aluminide  Coating 


D.  LOW-CYCLE  FATIGUE  TESTING 

(U)  Low-  cycle  fatigue  testing  was  performed  on  selected  materials  using  the 
true  reverse-bending  rig  shown  in  Figures  80  and  81.  The  materials  tested  were 
uncoated  HastelloyX,  uncoated  TD  nickel,  chrome-aiuminde-coated  TD  nickel- 
chrome,  and  uncoated  Inconel  325.  Each  material  was  tested  at  five  strain  levels, 
1.2,  0.87,  0.68,  0.55,  and  0.  38  percent.  These  strain  levels  were  chosen  to 
simulate  the  environmental  strains  imposed  by  thermal  cj  cling  during  engine 
operation.  Testing  was  performed  at  1650  and  1800°F. 

(U)  The  fatigue  data  obtained  was  correlated  by  fitting  an  analytically  determined 
equation  to  the  data.  This  equation  was  developed  using  the  principles  presented 
by  Tavernelli  and  Coffin*  and  Manson2.  Construction  of  the  analytical  curve  is 


lj.  F.  Tavernelli  and  L.  F.  Coffin,  Jr. ,  "Experimental  Support  for  Generalized 
Equation  Predicting  Low  Cycle  Fatigue,"  Journal  of  Basic  Engineering,  December 
1PJ2. 


2s.  S.  Manson,  "Fatigue:  A  Complex  Subject  -  Some  Simple  Approximations," 
Experimental  Mechanics,  July  1965. 
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shown  in  Figure  82.  As  shown,  construction  of  the  curve  depends  on  the  values 
of  the  fracture  elongation,  the  ultimate  tensile  strength,  the  endurance  strength, 
and  the  modulus  of  elasticity.  By  using  static  properties,  it  is  possible  to  con¬ 
struct  the  fatigue  curve  without  obtaining  experimental  fatigue  data. 

(U)  The  plastic  portion  of  the  curve  consists  of  an  intercept  and  a  slope  which 
are  dependent  on  the  relationship  between  the  plastic  strain  and  the  total  strain 
of  the  material.  This  relationship  must  be  known  for  any  given  level  of  strain 
and  may  be  determined  from  tensile  test  plots  of  stress  versus  strain,  since 
total  strain  equals  the  sum  of  the  plastic  strain  and  the  elastic  strain.  The 
elastic  portion  of  the  curve  is  proportional  to  the  ultimate  and  endurance  strengths 
of  the  material.  The  equation  used  for  this  program  was: 


t 

tr 


^*f  *rn^  ffuts 

2iwr  +  2  —  (4N) 


ln(ff  /a  ) 
uts  e' 

ln(0.  25  x  l(f3) 


where: 

Total  strain  range 
«  F  racture  elongation 


Figure  82  Analytical  Construction  of  Fatigue  Curve 
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t  =  Mean  applied  strain 

m 

a  =  Material  constant 

a  -  Ultimate  tensile  strength 

uts 

E  =  Modulus  of  elasticity 

a  =  Endurance  strength 

e 


(U)  For  this  program  a  minimum  of  experimental  fatigue  data  was  used  to  deter¬ 
mine  a  "best  fit"  curve.  This  was  done  by  substituting  the  values  of  fatigue  test 
data  into  the  analytical  equation  to  determine  the  correlation  with  the  known  static 
properties. 

(U)  Low-cycle  fatigue  test  results,  based  on  the  correlation  method  described 
above,  are  presented  for  each  of  the  materials  in  Figures  83  through  88.  No 
data  is  ^resented  for  Hastelloy  X  or  Inconel  623  materials  for  fatigue  life  at 
1800°F  because  plastic  deformation  occurred  during  testing  which  resulted  in 
"hinging"  of  the  specimen.  A  typical  hinged  specimen  is  shown  in  Figure  89 
together  with  a  normal  low-cycle  fatigue  fracture.  In  reviewing  the  curves,  it 
should  be  recognized  that  some  error  is  probably  present  at  the  high-life  range 
since  .'.o  fatigue  data  was  obtained  at  strain  ranges  below  0.38  percent. 
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Figure  83  Low-Cycle  Fatigue  Test  Hesults  for  Hastelloy  X  Material  at 
16f»0*F 
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Figure  8-1  Low-Cycle  Fatigue  Test  Results  for  IT)  Nickel  Alloy  at  1650'F 
and  1 800* F 
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I800°F 


Figure  86  Low -Cycle  Fatigue  Test  Hesults  lor  I'l)  Nickel-Chrome  Alioy 
1650‘F  and  ISOCTF 
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Figure  88  Low-Cycle  Fatigue  Test  Results  for  Inconel  025  Alloy  at  1050°F 


Figure  Si*  Normal  Low-Cycle  Fatigue  Specimen  After  Failure  ( Top)  and 
Hinged  Specimen  (Bottom) 
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(U)  Comparison  of  the  curves  shows  that  for  a  1000-cycle  life  at  1650"F,  coated 
TD  nickel,  Inconel  625,  and  uncoated  TD  nickel-chrome  posses  the  best  fatigue 
characteristics.  These  are  followed  by  coated  TD  nickel-chrome,  Hastelloy  X, 
and  uncoated  TD  nickel.  At  1800®F  for  the  same  cyclic  life,  the  order  is  the  same 
except  the  Inconel  625  and  Hastelloy  X  must  be  eliminated  entirely  since  both  of 
these  materials  underwent  plastic  deformation  at  this  temperature.  If  the  mater¬ 
ials  are  evaluated  for  cyclic  lives  of  about  105  cycles,  however,  the  relative  order 
of  the  materials  with  respect  to  their  fatigue  characteristics  differs.  For  a  life 
of  about  1(P  cycles  at  1650“F,  coated  TD  nickel  chrome  has  the  best  fatigue 
characteristics,  followed  by  coated  TD  nicxel  and  uncoated  TD  nickel  chrome 
and  then  by  Hastelloy  X,  Inconel  625,  and  uncoated  TD  nickel.  At  1800°F,  tlv 
order  is  coated  TD  nickel  chrome,  uncoated  TD  nickel  chrome,  coated  TD  nickel 
and  uncoated  TD  nickel.  The  change  in  order  for  the  two  cyclic  lives  is  not  really 
anomalous  since  varying  the  composition  of  a  material  to  produce  a  better  ultimate 
and  endurance  strength  usually  causes  some  loss  in  fracture  elongation,  and  these 
parameters  govern  opposite  ends  of  the  fatigue  curve. 

(U)  The  data  for  a  cyclic  life  of  1000  cycles  indicates  that  uncoated  TD  nickel- 
chrome  alloy  has  better  fatigue  characteristics  than  coated  I’D  nickel-chrome 
alloy.  This  behavior  was  not  expected  since  the  coating  was  added  lo  improve 
the  cyclic  fatigue  life.  It  appears  that  the  coating  process  had  detrimental  effects 
on  the  base  material  properties  which  were  not  completely  offset  by  the  expected 
improvement  in  properties  produced  by  the  coating.  Further  development  of  the 
coating  composition  and  application  procedure  could  be  expected  to  improve  the 
fatigue  properties. 

E.  ENDURANCE  TESTING 

(U)  The  selected  materials  were  exposed  to  combustion  gases  for  extended 
periods.  The  gas  stream  velocity  was  about  Mach  0.  3  to  0.  4,  and  test  tem¬ 
peratures  ranged  from  1800® K  to  2200* F.  These  tests  were  performed  in  two 
phases.  Phase  I  consisted  of  ten-hour  cyclic  endurance  tests  with  ten  minutes  of 
exposure  to  the  hot  gas  stream  and  one  minute  out  of  the  gas  stream.  All  of  the 
materials  except  thoriated  Lr-605,  for  which  a  specimen  could  not  be  fabricated, 
were  tested  during  Phase  I.  1’he  specimens  were  tested  in  pairs  at  2200  F, 

2000*F,  and  Isoo'F,  using  the  equipment  shown  in  Figures  5)0  and  01.  t’he  two 
materials  which  showed  the  least  deterioration  at  the  maximum  temperature  were 
tested  during  Phase  II.  The  Phase  II  test  was  a  100-hour  cyclic  endurance  test 
w  ith  the  specimens  positioned  in  the  gas  stream  fur  one  hour  am!  out  of  the  gu.-, 
stream  fur  one  minute  during  each  cycle.  The  gas  stream  temperature  was 
2000' F,  and  the  specimens  cooled  to  approximately  ioo'F  during  the  one  minute 
when  they  were  removed  from  the  gas  stream.  The  specimens  were  inspected 
(wriodicaily  for  general  condition  during  both  phases  of  the  program,  and,  at  the 
completion  of  the  tests,  all  materials  were  thoroughly  examined  for  general  con¬ 
dition  and  mic-ostructure 
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1.  Phase  I  Test  Results 


(U)  The  condition  of  the  Hastelloy  X  and  the  nickel-base  alloys  Incoloy  804, 
Inconel  702,  and  Inconel  625  after  testing  is  shown  in  Figures  92  through  95. 

As  shown,  each  of  these  materials  suffered  from  excessive  surface  oxidation, 
spalling,  and  warpage,  with  the  effects  becoming  more  pronounced  as  the  test 
temperature  was  increased.  None  of  these  materials  are  considered  to  be  suit¬ 
able  for  the  intended  application. 

(U)  The  condition  of  uncoated  TD  nickel  and  uncoated  TD  nickel-chrome  speci¬ 
mens  is  shown  in  Figures  96  and  97.  As  shown  the  depth  of  oxidation  penetra¬ 
tion  increased  as  the  test  temperature  was  increased,  and  cracking  occurred 
parallel  to  the  rolling  direction  io  the  TD  nickel  specimens  tested  at  20(,0’F  and 
2200*F. 


(U)  Figures  98  and  99  show  the  results  for  the  chrome-aluminidt— coated  I'D 
nickel  and  TD  nickel-chrome  specimens  respectively.  After  10  hours  at  1800*F, 
neither  specimen  showed  significant  deterioration.  After  testing  at  2000* F,  both 
materials  showed  evidence  of  oxidation  in  limited  areas  of  the  outer  layer,  w  ith 
the  oxide  attack  being  somewhat  more  advanced  in  the  coated  TD  nickel-chrome 
material  than  in  the  coated  TD  nickel  material.  In  addition,  the  coated  TD  nickel 
specimen  contained  some  aligned  porosity  at  the  coating-substrate  ;nterface,  which 
was  attributed  to  diffusion  by  the  Kirkendall  effect*.  At  2200’F,  both  specimens 
suffered  from  blistering  and  peeling  of  the  coating  and  subsequent  oxidation  of  the 
base  metal. 

(U)  The  last  two  materials  tested  during  Phase  I  were  DS  (dispersion  strength¬ 
ened)  nickel-chrome  alloy  and  Cr-Ti-Si-coatcd  Cb-129  Y  alloy.  The  condition  of 
specimens  is  shown  in  Figures  100  and  101  respectively.  The  DS  nickel-chrome 
specimen  showed  negligible  deterioration  after  testing  at  1800'F,  but  severe 
warping  occurred  during  testing  at  2000* F.  Limited  oxide  penetration  occurred 
during  testing  at  1800'F,  but  the  oxide  penetrated  down  to  the  chrome  layer  iiur-  . 
ing  testing  at  2000*F,  and  it  reached  the  base  metal  during  testing  at  2200' F. 

In  evaluating  the  results  for  this  mater:*!!,  it  should  be  noted  that  the  specimen 
use  I  was  only  20  mils  thick,  whereas  *uief  specimens  were  -12  mils  thick.  This 
was  the  only  specimen  thickness  available  at  the  time.  The  small  thickness  de¬ 
finitely  contributed  to  the  inability  o|  this  specimen  to  withstand  Math  0.3  to  o.  4 
gas  velocities  at  elevated  temjieratures.  The  coated  Cb-129  Y  specimen  showed 
evidence  of  coating  failure  at  all  test  tempera  lures.  Initially,  era?*'  tracking 
occurred  i:i  the  outer  layers.  Subsequent  crack  growth  penetrated  the  underlying 


*  Seventh  tjuarterly  Progress  itci>ort  to  AFML  Development  of  (.‘palings  for  Pro¬ 
tection  of  Dispersion  Strengthened  Nickel  from  oxidation,  (.‘unload  AF33  (615)- 
170-1,  K.  I.  Dupont  cJe  Nemours  k  t’o.  ,  !nc.  ,  October  10,  1966. 
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laves  phase  and  then  invaded  the  solution  and  parent-metal  regions.  Oxidation 
followed  the  cracks  into  the  base  metal,  where  rapid  deterioration  of  the  CB-129  Y 
alloy  occurred.  2  Incomplete  coating  in  weld  areas  contributed  to  the  catastrophic 
oxidation  of  the  base  metal  observed  after  testing  at  2200°F. 

(U)  In  summary,  all  of  the  materials  tested  during  Phase  I  showed  a  similar  type 
of  deterioration  after  testing  at  1800°F,  with  the  amount  of  deterioration  being 
least  for  the  coated  TD  nickel  and  the  coated  TT>  nickel-chrome  specimens.  At 
2000°F,  all  of  the  materials  suffered  from  oxide  penetration  into  the  base  metals 
except  for  the  coated  TD  nickel  and  the  col  ted  TD  uickel-chrome  specimens,  on 
which  the  coatings  remained  uniformly  attached  to  the  substrates  with  only  limited 
areas  of  oxidation  in  the  outer  layer.  At  2200°F,  all  of  the  specimens  suffered 
from  considerable  deterioration.  The  relative  amounts  of  warpage  for  the  speci¬ 
mens  tested  are  shown  in  Figure  102.  Warpage  was  measured  at  the  location 
shown  in  Figure  103.  Oxide  penetration  for  all  of  the  uncoated  specimens  is  shown 
in  Figure  104. 

(U)  On  the  basis  of  the  Phase  I  test  results,  chrome-aluminide-coated  TD  nickel 
chrome  and  chrome-aluminide-coated  TD  nickel  were  selected  for  Phase  II  testing 
at  2000°F. 

2.  Phase  II  Test  Results 


(U)  During  the  100-hour  test  »i  the  coated  TD  nickel  specimen,  cracking  occurred 
parallel  to  the  rolling  direction  after  4t  hours  of  testing  followed  by  oxidation  in 
the  cracks  and  in  areas  around  the  cooling  holes  where  the  coating  spalled  from 
the  specimen.  However,  after  100  hours  of  testing,  the  over-all  coating  was  still 
protective  except  for  the  same  area  noted  above.  This  is  shown  in  Figure  105. 

(U)  Initial  examination  of  the  specimen  indicated  that  the  coating  was  intact,  al¬ 
though  a  light  green  highlight  was  present  in  the  area  exposed  to  the  maximum 
temperature,  whereas  the  material  originally  had  a  silver-gray  metallic  luster. 
Metallographic  examination  verified  that  the  coating  was  intact.  It  also  revealed 
that  surf"~e  oxide  and  oxide  penetration  of  the  coating  occurred,  with  some  por¬ 
osity  p;  it  at  the  coating-substrate  interface. 

(U)  The  coated  TD  nici  cl-chrome  specimen  suffered  severe  deterioration  during 
the  100-hour  test,  as  shown  in  Figure  106,  Initial  coating  deterioration  was  ob¬ 
served  after  15  hours  of  testing  The  deterioration  continued  as  the  test  pro- 


2  H.  A.  Hauser  and  J.  F.  Holloway,  Jr. ,  Evaluation  and  Improvement  of  Coatings 
for  Columbium  Alloy  Gas  Turbine  Engine  Components,  AFML-TR-66-186,  Pratt 
&  Whitney  Aircraft  Division  of  United  Aircraft  Corporation,  East  Hartford, 
Connecticut,  July  1966. 
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gressed  with  considerable  spalling  occurring  at  the  leading  edge  and  in  the  areas 
around  the  cooling  holes.  Metallographic  examination  revealed  an  adherent  oxide 
scale  in  the  regions  where  the  coating  had  npalled  from  the  specimen,  with  inter¬ 
nal  oxidation  and  some  porosity  occurring  in  the  chrome- rich  region  beneath  the 
scale. 

(U)  It  is  evident  from  the  results  of  the  Phase  II  tests  that  coated  TD  nickel  has 
greater  resistance  to  cyclic  thermal  stress  in  a  combustion  stream  than  coated 
TD  nickel-chrome  alloy.  However,  consideration  of  the  TD  nickel-chrome 
alloy  should  not  be  closed  since  methods  of  applying  coatings  of  thoriated  nickel 
alloy  have  not  yet  been  extensively  developed. 

F.  CONCLUSIONS  AND  RECOMMENDATIONS 

(U)  None  of  the  materials  tested  demonstrated  an  ability  to  withstand  a  combus¬ 
tion  gas  stream  at  2000’F  at  Mach  0.3  to  0.  4  for  long  periods.  Best  results  were 
obtained  with  chrome-aluminide-coated  TD  nickel,  but  cracks  were  observed  in 
this  specimen  after  only  40  hours  of  testing  and  oxidation  followed  the  cracks. 

The  second  best  material  was  chrome-aluminide-coated  TD  nickel-chrome  alloy, 
but  this  material  deteriorated  significantly  during  100  hours  of  cyclic  testing  at 
2'J003F.  However,  the  coating  procedure  used  noticeably  degraded  the  fatigue 
life  and  the  formability  of  this  material.  With  a  better  coating  procedure,  the 
thermal  capabilities  of  the  material  might  be  improved  together  with  the  fatigue 
life  and  formability.  All  other  materials  tested  suffered  excessive  oxidation 
and  dimensional  distortion  after  exposure  to  the  hot  gas  stream  for  periods  of 
ten  hours  or  less. 

(U)  It  is  also  recommended  that  the  development  of  coated  TD  nickel- chrome 
and  refractory  Cb-12'J  Y  be  continued.  TD  nickel  chrome  is  superior  to  I'D 
nickel  in  the  uncoated  condition  with  respect  to  oxidation  resistance  and  fatigue 
life,  and,  with  proper  coating  procedure  development,  this  material  may  also 
prove  to  be  .superior  in  the  coated  condition.  Refractory  Cb-12‘J  material  de¬ 
monstrated  excellent  high-temperature  capabilities  during  these  tests,  but  was 
disqualified  because  of  coating  defects. 
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environment  meet  the  program  requirements.  Best  results  were  obtained  with  chrome- 
alum  inide -coated  TD  nickel,  but  cracks  were  observed  in  ttie  specimen  after  only  40  hours 
of  testing,  and  oxidation  followed  the  cracks. 
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